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Tli*  initial  proposal  for  this  work  was  to  prspars  trial  conforaal 
hydrophones  bassd  on  hingad  arrays  of  individual  transduosr  slsaants  of  thrsa 
basic  typas.  Choice  of  alaaants  was  basad  on  pravioua  work  with  ooapoaita 
transducers  and  consideration  of  sanaitivity  and  durability.  Polyurathana  waa 
chosen  as  a  hinging  aatarial  baoanaa  it  waa  an  alaatoaar  that  had  baan  used  in 
othar  composite  applications.  Latar  this  aatarial  was  raplaoad  by  a  flaxabla 
apozy  aatarial  that  showad  iaprovad  polyaar/caraaic  bonding. Excellent  self¬ 
bonding,  and  incraasad  pot  life.^fany  variations  of  alaaant  design  ware 
tastad  in  l"xl'\^  arrays.  Variations  in  alastoaar  hardnass  wara  taatad. 
Different  fillers' ware  incorporated  in  the  hinging  aatarial  to  aaka  it 
hydrostatically  ooapressablc.  Along  with  this  work  two  flaxabla  alac trocHy 
systaas  wara  developed,  for  use  with  polyurathana  and  epoxy  basad  polyaers. 
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.0  Fabrication  of  Individual  Transducer  Elements 

Although  the  preparation  of  individual  transducer  alaaants  baa  bean 
daseribad  elsewhere  (sea  initial  proposal  for  references)  and  the  design  of 
these  elements  was  not  changed  in  any  critical  way.  they,  have  never  been 
prepared  in  such  large  nuabers  at  MKL.  Furthe.raore,  the  details  of  the 
preparation,  although  done  entirely  through  annual  effort,  should  be  useful  in 
scale-up  production  of  these  devices. 

2.1  Fabrication  of  3-1  and  3-2  Perforated  Block  Elements  bv_ Extrusion 

The  design  of  the  3-1  and  3-2  eleaents  is  shown  in  Figure  2.1.  Extrusion 
was  chosen  as  the  fabrication  aethod  for  these  eleaents  since  it  was 
considered  the  aoet  likely  industrial  technique  for  their  production  in  aasa 
quantities.  A  PVA/PZT  pug  was  prepared  and  extruded  through  a  square  orifice 
with  a  fixed  central  pin  to  fora  the  3-1  perforation.  After  drying,  green 
rods  could  be  drilled  to  fora  the  3-2  perforation.  After  firing  the  rods  were 
diced  into  individual  cubes,  electroded  and  poled. 

This  aethod  was  eventually  abandoned  because  aaterial  with  adequate  shape 
tolerance  and  sufficiently  low  porosity  could  not  be  prepared  on  the  priaitive 
equipaent  available  at  URL.  However,  this  should  not  be  a  reason  for 
overlooking  this  aethod  as  a  viable  production  technique  where  proper 
equipaent  would  be  available.  If  high  shear  aixers,  vacuua  de-airing,  and 
Auger  type  teapersture  controlled  extruders  were  available,  greater  success 
could  be  achieved  and  the  eleaents  prepared  with  less  effort. 


2 


Figure  2. 
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A.  PZT  Slock  (4x4x4 mm) 

8.  Perforation:  109  mil  diam.,  open  or  epoxy  filled 
C.  Perforation  :  96  mil  diam.,  open  or  epoxy  filled 
0.  Electrode:  fired  on  silver /frit 


.  Design  of  3-1  end  3-2  perforated  block  composite  transducer. 
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2»1«1  Materials : 
DPI  PZT  501  A 


Uo as an co  Gelvatol  type  20-30  (PVA) 


Distilled  water 


(Sec  Appendix  3  for  sapplisrs) 


2.1.2 

Bated  10  ga  of  20  »t%  PVA  ia  aqueous  solutioa  par  150  ga  PZT  powder  ia  a 
plastie  ball  aill  jar.  Snead  the  aixture  with  a  spatula  until  it  is  uniforaly 
daapeaed  by  the  binder  solution  (1-3  aia).  Seal  the  jar  aad  place  it  oa  a 
ball  aill  for  13  hours  (ao  aedia).  The  aizture  should  reseable  a  clay-like 
pug.  More  PVA  solutioa  aay  be  added  on  a  drop  by  drop  basis  to  adjust  pug 
rheology  depending  on  the  eroaa  section  area  of  the  extrusion  tip.  This  step 
is  aore  art  than  science. 

The  pug  is  hoaogeaized  aad  de-aired  ia  a  device  especially  designed  at 
HRL.  It  consists  of  two  stainless  steel  raa  aad  die  sets  claaped  together 
with  a  perforated  separator  plate.  The  pug  is  chopped  in  1/4  inch  pieces  aad 
placed  in  one  chaaber.  A  port  in  this  chaaber  allows  a  vacuua  to  be  drawn  oa 
the  whole  asseubly.  O-riags  hold  the  vacuua  once  drawn.  The  rau  is  allowed 
to  coapress  the  pug  under  vacuua  pressure.  The  asseably  is  placed  in  a  holder 
on  a  carver  lab  press  and  the  pug  is  alternately  forced  froa  one  chaaber  to 
the  other  through  the  perforated  plate.  A  aiaiaua  of  20  cycles  was  used. 
This  device  is  probably  not  as  good  as  a  conventional  pug  aill  used  in  the 
brick  and  ceraaics  industry,  but  such  a  unit  that  would  accept  laboratory  size 
batches  could  not  be  found. 

Extrusion  is  done  using  a  raa  and  die  set  aounted  on  a  hand  operated 
Enerpac  hydraulic  press.  A  variety  of  extrusion  tips  aay  be  attached  to  the 
front  of  the  die.  The  pug  is  packed  carefully  into  the  die  to  avoid  air 
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pocket*  and  the  ran  is  inserted  (e  teflon  o-ring  prevents  beck  flow  of  the 
png).  Ike  extrusion  rate  is  controlled  by  operator  pressure  or  a  band-lever 
intensifier  so  tbat  the  extrusion  rate  aatches  tbe  speed  of  tbe  aoving  glass 
carrier  which  accepts  the  extruded  shape. 

The  3-1  shape  is  extruded  froa  a  tip  with  a  square  hole  in  which  is 
aounted  a  round  center— pin.  The  square  hole  and  pin  are  sized  to  allow  for 
drying  and  firing  shrinkage  (about  13%).  Square  tubes  are  dried  18  hours  then 
cut  to  short  lengths  with  a  razor  knife.  At  this  point  the  3-2  shape  aay  be 
fabricated  by  drilling  a  series  of  evenly  spaced  holes  in  the  green  ware 
(allowing  for  shrinkage  and  cutting). 

Except  in  the  earliest  trial  arrays,  the  extruded  3-1  shape  was  not  used. 
The  extrusion  method  employed  at  MBL  is  very  primitive.  The  pug  was  difficult 
to  de-air  properly  as  evidenced  by  large  pores  in  the  fired  part.  The  pug  was 
far  froa  being  hoaogeneous  as  evidenced  by  changes  in  extrusion  rate  while 
applying  even  pressure  and  twisting  of  the  extruded  tube.  The  problea  of 
sluaping  on  the  carrier  prior  to  drying  was  attacked  but  never  coapletely 
solved. 

These  probleas  can  be  dealt  with  easily  by  any  capable  ceraaic  extrusion 
operation  through  the  use  of  high  shear  aixers.  de-airing  pug  mills,  and 
autoaatic  teaperature  controlled  extruder  heads  with  thermosetting  binders. 

Alternatively,  the  3-1  shape  and  perhaps  the  3-2  shape  could  be 
fabricated  by  injection  molding.  Either  of  these  techniques  could  be  cost 
efficient  production  methods.  The  primary  difficulty  with  the  extruded  3-2 
elements  lies  in  the  poling  operation  which  was  always  more  difficult  (in 
teras  of  high  voltage,  breakdown)  with  these  parts.  For  practical  reasons,  it 
is  more  efficient  for  ns  to  pole  the  bulk  ceramic  and  then  drill  the  3-1  and 
3-2  shape.  There  is  some  indication  by  A.  Safari  of  our  Lab,-  who  developed 


this  shape,  that  poliag  is  lass  affective  when  performed  on  elements  that 
have  already  been  drilled. 


Since  the  extrusion  process  uses  conventional  PVA  binder,  the  parts  can 
be  burned  out  and  fired  as  described  in  Section  2.2. 

2.1.3  Element  Statistics 

Early  in  the  work  after  a  significant  number  of  3-1  extruded  elements  had 
been  prepared  and  sorted,  a  count  vas  taken  of  the  number  of  elements  falling 
in  various  djj  ranges.  The  distribution  of  values  is  shown  in  Figure  2.2. 
The  mean  value  for  all  samples  was  378.0  pC/N  and  the  standard  deviation  was 
45.7  pC/N. 

2.2  Fabrication  of  3-1  and  3-2  Elements  bv  Ultrasonic  Machining 

The  first  3—1  and  3—2  transducer  elements  were  produced  by  diamond  sawing 
of  P2T  pellets  to  form  blocks.  This  was  followed  by  ultrasonic  drilling  to 
form  the  perforation.  Then  optimization  of  the  extrusion  process  with 
equipment  available  at  MHL  failed  to  improve  individual  elements,  the 
machining  method  was  resumed.  The  time  involved  with  this  procedure  is  very 
high  on  a  per  part  basis  since  each  individual  element  is  cut  slowly  from  the 
ceramic.  Because  this  element  type  has  the  best  collection  of  properties 
(high  permittivity,  high  sensitivity,  durability,  etc.)  and  because  easy 
production  is  envisioned,  more  effort  was  spent  in  fabricating  arrays  with 
this  element.  This  is  the  reason  for  the  great  number  of  man-hours  invested 
in  the  work  to  date. 

2.2.1  Materials 

DPI  PZT  501  A 

Monsanto  Gelvatol  Type  20-30  (polyvinyl  alcohol-PVA) 

DuPont  Silver  Frit  Electrode  #7095 


Figure  2.2.  Piezoelectric  coefficient  statistics  for  extruded  3-1  transducer 
elements  (open  perforation). 
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Hammond  Litharge  (PbO) 

Ears haw  Zirconia  (Zrf^) 

Trabond  2113  £90x7 

Distilled  Water 

2.2.2  e.ta.<UL4mt 

PVA  binder  is  prepared  as  a  20  »t%  aqueous  solution  and  aired  with  PZT 
501  A  at  7  g  per  100  g  powder  to  prepare  a  1.4  wt%  binder  mixture  when  dried. 
Mixture  is  prepared  in  large  sorter  and  pestle  and  heated  at  110°C  for  10 
ainutes  then  gronnd.  This  procedure  is  repeated  until  the  resulting  aixture 
is  completely  dry  and  passes  an  30  aesh  sieve. 

Pellets  are  pressed  in  a  one-inch  diaaeter  steel  die  at  IP  to  20 
kilopounds/ in^.  A  die-fill  of  12.5  ga  gives  a  pellet  of  sufficient  fired 
thickness  to  produce  4  am  high  plates  after  grinding. 

Binder  is  burned  out  at  300*C  for  1.5  hours  and  50G*C  for  1.5  hours  in  an 
open  crucible  on  Pt  foil.  A  lead  source  prepared  froa  180  ga  PbO  and  100  ga 
Zr02  is  added  to  the  crucible  and  it  is  sealed.  Pellets  are  fired  at  12359C 
for  1.5  hours  (heating  rate  250°C/hr).  Pellets  are  ground  flat  on  600  grit  SiC 
paper  (wet),  then  mounted  oa  a  flat  steel  plate  using  thermosetting  cement. 
Samples  are  surface  ground  with  an  30-grit  diamond  wheel  to  a  thickness  of 
0.157  *.001  inches.  Pellets  are  then  diamond  sliced  to  give  square  bars  of 
random  length. 

Bars  are  u 1 1 r a s 0 n ic a  1 1 y  cleaned  in  acetone  (2-3  min)  prior  to 
electroding.  DuPont  #7095  electrode  suspension  is  hand-painted  on  opposing 
faces  and  allowed  to  air  dry  for  13  hours.  The  electrode  is  then  fired  on  at 


550«C  for  10-15  min. 


Electroded  bars  are  polod  at  110°C  with  a  fiold  of  22  kV/cm  for  1  Bin. 
The  djj  coefficient  of  each  bar  is  measured  (Berlincourt  meter)  to  check 
poling  quality. 

Bars  are  mounted  on  glass*  ul trasonically  drilled  (Sheffield  Cavitron. 
0.109  inch  O.D.  drill  bit)  to  form  a  series  of  carefully  spaced  perforations. 
Individual  3-1  element  blanks  are  then  diamond  sliced  from  each  bar.  For  the 
3-2  element  these  cubes  are  remounted  and  drilled  again.  Cubes  are  measured 
to  check  proper  sizing  and  centricity.  Capacitance  of  each  element  is 
measured  at  one  kHz  using  a  Hewlett-Packard  Model  4274A  LCR  meter.  Elements 
with  capacitance  below  23  pf  and  loss  greater  than  .03  are  rejected. 
Piezoelectric  coefficient  is  measured  and  elements  with  djj  values  below  200 
pC/N  are  rejected.  Polarity  is  marked  on  each  element  and  good  parts  are 
sorted  by  d^  range. 

Satisfactory  elements  are  chosen  for  use  in  hinged  arrays.  They  are 
cleaned  ultrasonically  in  hexane  for  5  min  (extended  cleaning  has  resulted  in 
removal  of  the  silver-glass  electrode).  One  side  of  the  perforation  is  sealed 
with  tape  and  the  center  hole  is  filled  with  Trabond  2113  epoxy.  The  material 
which  fills  the  perforation  has  been  the  subject  of  several  variations  as  can 
be  seen  in  the  data,  but  the  epoxy  filled  hole  seems  to  give  the  best  results. 

The  hydrostatic  voltage  coefficient  was  measured  on  random  elements  using 
test  equipment  built  at  MBL.  This  consists  of  an  oil  filled  cylinder  in  which 
the  sample  resides  and  in  which  the  pressure  can  be  increased  at  50  psi/sec. 

A  hydrostatic  pressure  is  generated  by  a  piezoelectric  driver  and  the  sample 
response  is  measured  on  a  Nicolet  204A  oscilloscope  or  a  Hewlett-Packard  3385A 
Spectrum  Analyzer.  The  hydrostatic  voltage  coefficient  is  calculated  by 

*To  prevent  depoling.  the  temperature  of  thermobond  cement  should  not  exceed 
350aC  and  parts  should  not  be  subjected  to  shock. 


comparison  to  a  known  PZT  standard  measured  at  the  same  time.  Acceptable 
▼tinea  average  near  14x10'^  Vm/N. 

2.2.3  Element  Variations 

The  3-1  and  3-2  eleaenta  need  in  this  stndy  are  PZT  cubes  that  have 
either  one  os  two  orthogonal  perforations  in  thea.  These  elements  may  be 
incorporated  into  the  flexible  array  in  snch  a  way  that  the  holes  are  either 
unfilled,  filled  by  the  matrix,  or  filled  with  other  materials. 

The  unfilled  state  is  achieved  by  packing  the  holes  with  alumina  fibers. 
This  prevents  the  matrix  material  from  intruding  into  the  holes  during  the 
casting  operation,  but  does  not  give  physical  support  to  the  interior  of  the 
element  in  the  cured  matrix.  Neither  does  it  prevent  matrix  material  from 
straining  into  the  hole  when  the  array  is  subjected  to  high  pressure.  7ooden 
rods  were  inserted  to  simulate  a  non-reinforcing  non-intrusion  situation. 

Alternately,  the  hole  can  be  left  open  and  filling  can  occur  by  whatever 
matrix  compound  is  used.  Finally,  the  hole  may  be  filled  with  a  material  that 
bonds  to  the  PZT,  but  is  different  from  the  matrix  material.  Two  variations 
were  prepared.  1)  the  S PURRS  epoxy  that  was  used  in  the  developmental  research 
of  this  composite,  and  2)  Trabond  No.  2113  epoxy,  a  hard  epoxy  similar  in 
cured  properties  to  the  SPURRS  system,  but  with  higher  viscosity  in  the 
uncured  state. 

l"xl"  array  tests  have  shown  that  the  epoxy  filled  elements  give  the 
best  results  of  the  variations  attempted.  The  Trabond  #2113  is  easier  to  use 
in  filling  the  cubes  without  leakage  and  this  method  was  chosen  for  the  large 
arrays. 

2.3  Fabrication  of  1-3-0  PZT  Rod  ■Composite  Elements 

This  element  has  the  highest  sensitivity  and  the  lowest  permittivity  of 
the  three  basic  element  types  used  in  this  project.  It  is  fabricated  by 
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alligniag  PZT  rods  ia  a  polymer  matrix  aad  poling  parallel  to  the  length  of 
the  rod.  Microballoons  are  added  to  the  polymer  to  control  density  and 
increase  polymer  compliance  without  pressure  dependence.  Two  variations  on 
this  element  were  considered,  one  using  .012"  diameter  rods  spaced  to  give 
7.3  volume  percent  PZT  and  .018"  diameter  rods  spaced  to  give  9.2  volume 
percent  PZT.  The  design  of  these  elements  is  shown  in  Figure  2.3. 

2.3.1  Materials 

UPI  PZT  501  A 

BEN  Epoxy  Be sin 

Emerson  aad  Cummings  Microballoons  Grade  IG-25 

ACME  E-Solder  #3021  Epoxy  Electrode  Paste 

2.3.2  Procedure 

PZT  rods  with  fired  diameters  of  12  and  18  mil  (.0305  and  .0457  cm)  are 
prepared  by  extrusion  as  described  in  Section  2.2  followed  by  burn-out  and 
firing  as  described  in  Section  2.1.  Sods  are  inspected  for  straightness, 
roundness  and  porosity  defects  prior  to  use.  Rods  are  inserted  in  a  rack 
which  aligns  them  to  the  proper  array  spacing.  The  12  ail  rods  are  aligned  on 
a  0.1  cm  center-to-center  spacing  (0.05  cm  boarder)  in  a  4x4  array.  This 
gives  7.30  volume  percent  PZT  in  a  0.4  cm  cube.  The  18  mil  rods  are  aligned 
on  a  0.133  cm  center-to-center  spacing  (0.067  cm  boarder)  in  a  3x3  array. 
This  gives  9.23  volume  percent  PZT  in  the  finished  0.4  cm  cube.  Two  rod 
arrays  are  available  ia  each  rack.  After  loading  the  rack,  it  is  inserted  in 
a  slotted  teflon  block  and  sealed  with  silicon  rubber  cement. 

The  KEN  epoxy  mixture  is  prepared  following  manufacturers  directions  (no 
foaming  agent)  and  50  volume  percent  microballoons  is  added.  This  mixture  is 
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A  Composite  Block :  Epoxy /30  vol  %/microbolloons  (4x4 
8  PZT  Rods :  18  mil  diom.  x  4  mm 
C  PZT  Rods:  12  mil  diom.  x  4  mm 
0  Electrode  :  Silver  Loaded  Epoxy 


Figure  2.3.  Design  of  1-3-0  PZT  rod  composite  transducer. 


poured  into  the  recks  to  fill  end  surround  the  rods  end  then  cured  18  hours  et 
70*C. 


After  curing  the  coaposite  blocks  ere  pried  froa  the  teflon  mold.  The 
end  pletes  of  the  reck  ere  reaoved  by  dieaond  slicing.  The  block  is  inserted 
in  e  Billing  aechine  end  excess  filler  is  reaoved  using  e  cerbide  tipped 
flycutter.  The  resulting  block  is  sliced  down  the  oeater  to  seperete  the  two 
erreys  end  the  reaeining  diaensions  ere  sized.  The  resulting  0.4x0. 4x2  ca 
rods  ere  theraobonded  to  gless  end  0.4  ca  cubes  ere  dieaond  sliced  froa  thea. 

The  resulting  cubes  ere  electroded  on  the  feces  with  exposed  rods  using 
Acae  B-solder  silver/ epoxy  electrode  end  cured  et  70*C  for  18  hours. 

Bleaents  ere  poled  et  80*C.  22  kV/ca  for  2  ain.  They  ere  then  cleened  in 
e  solution  of  DI  weter  end  'Toy'  liquid  detergent  in  en  ultresonic  beth  for  2- 
3  ain.  They  ere  rinsed  with  DI  weter  end  wiped  with  e  cloth  soeked  in 
ethanol . 

Each  eleaent  is  checked  for  proper  rod  alignment,  size  (0.4  aa  cube) 
cepeciteace  end  loss  (greeter  then  3.0  pf  and  less  then  0.03  respectively), 
snd  piezoelectric  d^  coefficient  (130-400  pC/N).  Random  elements  ere  checked 
for  proper  hydrostatic  voltage  coefficient  (gh).  Acceptable  values  averaged 
around  30xl0-3  Vm/N. 

2-3.3  Elsam.  StaUiUcf 

Vhen  s  reasonable  number  of  1-3-0  coaposite  elements  had  been  fabricated 
and  sorted  by  d^.  a  count  was  taken  for  each  d^j  range.  The  distributions 
for  12  ail  snd  18  ail  rods  sre  shown  in  Figures  2.4  snd  2.3.  For  12  mil  rods 
the  mean  was  230.0  pC/N  with  a  standard  deviation  of  28,1.  For  18  ail  rods 
the  aeen  was  221.6  pC/N  with  a  standard  deviation  of  33.0. 

Vhen  the  normal  djj  measurement  is  performed  on  these  samples,  the  value 
measured  can  vary  depending  upon  whether  the  probe  is  aligned  directly  over  a 


Figure 


2.4.  Piezoelectric  coefficient  stetistics  for  1-3-0  coaposite 
transducer  with  12  ail  rods. 
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2 
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9 
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25.83 
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13 

270 

m 

2.44 

1 

290 

* 

2.44 

1 

310 
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7.32 

3 

14 
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PZT  cod  oc  aoc.  The  18-ail  rod  composite  with  only  9  rods  per  block  is  aost 
sensitive  to  probe  placement.  Five  samples  were  taken  from  a  group  with 
measured  djj  ranging  from  210  to  230  pC/N  and  measured  carefully  at  five 
locations  from  the  center  of  the  block  to  a  corner  on  both  the  positive  and 
negative  face.  The  results  are  shown  in  Table  2.1.  The  results  show  that  the 
measurement  variation  in  probe  placement  still  lies  within  the  boundaries  of 
the  sorted  group. 

2.4  Fabrication  of  3-3  BURned-Out  Plastic  Sphere  (BURPS)  Composite 

The  BURPS  composite  has  moderate  sensitivity  and  permittivity.  Except 
for  the  critical  burn-out  step,  it  is  the  easiest  to  prepare  since  it  follows 
conventional  powder  processing  and  pelletizing  techniques.  The  final 
machining  of  these  parts  is  simple  and  easily  antomated.  This  is  the  easiest 
of  the  three  elements  to  scale  up  for  mass  production.  Indeed  it  is  already 
being  manufactured  in  Japan.  It  consists  of  a  three  dimensionally  connected 
intermix  of  PZT  and  polymer.  It  is  formed  by  mixing  PZT  powder  with  plastic 
spheres/pelletizing,  burning  out  the  spheres  to  give  a  large  3-d  connected 
porosity,  sintering  the  PZT  and  finally  vacuum  impregnating  the  porous  PZT 
with  a  low  viscosity  hard  polymer  and  poling.  A  schematic  of  the  basic 
structure  of  this  transducer  is  shown  in  Figure  2.6. 

2.4.1  Materials 
DPI  PZT  501  A 

Po lyMe thy IMethacry late  (PMM)  Spheres  (Polysciences  #4553) 

SPT7R&S  Low  Viscosity  Embedding  Epoxy  (Polysciences  #1916) 

ACME  3021  E-Solder 

2.4.2  Procedure 


Batch  100  ga  PZT  and  20  ga  PMM  spheres.  Ball  aill  dry  with  zirconia 
media  18  hours.  Add  5.010  ga  of  20  wt%  PVA  solution  (see  Section  2.1),  work 


1.  Piezoelectric  coefficient  as  a  function  of  probe  position  for 
1-3-0  coaposite  transducers  with,  18  ail  rods 


Piezoelectric  d^  (pC/N) 


Position 


Searnl  a 

-l— 

__s _ 

c 

,...d . 
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Mean 

S.D. 
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19 
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8 
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220 

7 

3+ 
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190 

274 
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36 

3- 

203 
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223 

196 

230 

209 

17 

4+ 

181 

246 

203 

190 

208 

206 

25 

4- 

202 

272 

269 

218 

228 

238 

31 

5+ 

194 

179 

216 

238 

231 

212 

25 

5- 

247 

192 

285 

257 

270 

250 

36 

a  *  center  rod,  e  *  edge  of  coaposite  (previously  measured 
with  djj  ranging  from  210  to  230  pC/N). 


A  PZT  Block  4x4x4  mm 
8  Burned-out  Plastic  Spheres  Filled  with  Epoxy 
C  Electrode:  Silver  Loaded  Epoxy 


Figaro  2.6.  Design  of  3-3  BUFFS  composite  transducer. 


with  mortar  and  pestle  until  crumbly.  Dry  at  110°C  for  10-20  min.  Repeat 
grinding  and  drying  until  mixture  is  dry  and  passes  through  60  mesh  screen. 

Add  5.010  gm  of  20  wt%  PVA  solution  per  100  gm  of  mixture.  Repeat 
grinding  and  drying  and  sieving  procedure. 

Using  a  1  inch  diameter  die  and  an  11  gm  die-fill,  press  pellets  at 
15,000  psi  (experiments  prove  this  is  the  optimum  pressing  pressure  for 
maximum  djj). 

Place  pellets  in  an  open  crucible  on  platinum  setters  and  burn-out  the 
binder  using  the  following  schedule  with  mild  air  flow. 


Mode 

Temo  «C 

ling-UaJ 

Rate 

.  laiaial 

heat 

ambient  -  200 

7 

0.5 

hold 

200 

10 

0 

heat 

200  -  300 

8 

0.2 

hold 

300 

10 

0 

heat 

300  -  400 

4 

0.4 

hold 

400 

5 

0 

cool 

400  -  ambient 

furnace 

cool 

Seal  crucible  and  sinter  for  0.5  hours  at  1285*C  with  PbZrO^  lead  source. 
After  sintering  pellets  have  a  three  dimensionally  connected  micros  true  tare  of 
PZT  and  porosity. 

Pellet  is  placed  in  a  standard  capped  sample  ringform.  A  rough  vacuum  is 
drawn  for  30  minutes  and  SPURRS  low-viscosity  epoxy  (recipe  B)  is  poured 
(under  vacuum)  to  cover  the  pellet.  Alternatively  the  sample  may  be  covered 
with  the  epoxy  mixture  and  then  vacuum  outgassed  for  30  minutes.  Epoxy 
impregnated  pellet  is  cured  at  70*C  for  18  hours. 

Excess  epoxy  is  removed  using  a  carbide  tool  on  a  conventional  metal 
turning  lathe.  A  special  adjustable  collet  is  used  to  hold  the  sample. 
Cutting  continues  until  the  top  layer  of  PZT  is  removed.  The  sample  is 
reversed  and  cutting  continues  until  the  proper  sample  thickness  (0.4  cm)  is 
achieved. 
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Square  bars  (0.4  ca)  art  cat  froa  the  pallets  by  diamond  slicing  with  an 
0.012  inch  blade.  Bars  are  electroded  on  the  diamond  sliced  face  (tests  show 
better  d^  in  this  orientation)  with  ACME  3021  E-solder  and  cared  18  hoars  at 
70*C.  Bars  are  poled  at  80*C  and  22  kV/cm  for  S  min.  Piezoelectric  dj 3 
coefficient  is  cheeked  to  insure  proper  poling. 

Bars  are  diamond  sliced  to  give  0.4  ca  cubes.  The  cubes  are  cleaned  with 
liquid  detergent  (Joy  brand)  solution  in  an  ultrasonic  bath  for  1-3  ain..  then 
rinsed  in  01  water.  Other  solvents  are  not  recommended  since  they  seea  to 
attack  the  SPURSS  epory. 

Cubes  are  checked  for  proper  physical  dimensions.  Capacitance  and  loss 
are  aeasured  and  elements  with  capacitance  lower  than  8.0  pf  or  loss  greater 
than  0.05  are  rejected.  The  piezoelectric  coefficient  is  aeasured  with 
acceptable  values  ranging  froa  180  to  235  pC/N.  The  hydrostatic  voltage 
coefficient  is  checked  on  several  samples  froa  each  lot.  Acceptable  values 
average  *rouod  18.00xl0~3  Va/N. 
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3.0 


The  fabrication  of  conformal  arrays  requires  four  basic  operations.  The 
individual  elements  mast  be  assembled  in  proper  geometrical  alignment  in  such 
a  way  that  they  do  not  move  about.  The  flexible  matrix  material  must  be  cast 
around  the  elements  in  such  a  way  that  it  is  void  free.  A  flexible  electrode 
must  be  applied  that  integrates  the  transducers  into  a  single  electrical  unit 
with  attachment  to  the  outside  world.  Finally,  the  whole  device  must  be 
potted  into  a  flexible  jacket  that  seals  the  unit  against  intrusion  of  fluid 
at  high  pressure  (see  Figure  3.1). 

As  first  envisioned,  this  seemed  a  simple  task.  Earlier  work  with 
polyurethane  showed  that  it  could  be  used  as  a  flexible  hinge  that  gave 
sufficient  bonding  to  ceramio  and  polymer  composites.  Its  high  tensile 
strength,  elasticity  and  abrasion  resistance  gave  it  precedent  over  other 
candidate  materials.  It  is  hydrostatically  incoapressable  (Poisson  ratio  near 
0.5)  which  causes  hydrostatic  pressure  to  be  transmitted  to  the  sides  of  the 
elements  and,  under  pressure,  becomes  acoustically  hard.  It  was  felt, 
however,  that  a  small  interelement  spacing  would  alleviate  the  problem.  A 
polyurethane  based  conductive  material  was  available  commercially  and  it  was 
agreed  that  the  body  of  the  work  on  this  project  would  consist  of  making 
elements  in  large  numbers  followed  by  simple  assembly  of  the  arrays. 

Unfortunately,  polyurethane  (at  least  the  commercial  formulation  we  have 
worked  with)  did  have  some  drawbacks.  The  interelement  spacing  chosen 
(0.074",  0.188  cm  in  16  element  l"xl"  arrays)  was  perhaps  insufficient  to 
isolate  the  element  sides  from  transverse  stress,  since  the  observed  g^  was 
often  lower  than  that  shown  by  single  elements.  Further,  this  polyurethane 
does  not  bond  very  well  to  ceramic  or  other  polymeric  surfaces.  Although  it 
is  possible  that  coupling  agents  may  improve  this,  cursory  work  was  not 
immediately  encouraging. 
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Figure  3.1.  Design  of  conformal  arrays 


It  would  also  jam  to  be  a  characteristic  of  polyure thanes  that  they  do 
not  bond  well  to  a  previously  cared  polyurethane  surface.  This  makes  the 
potting  layer  very  difficult  to  apply  with  confidence  that  external  fluids 
will  not  penetrate  the  jacket/matrix  interface. 

Finally,  the  commercial  polyurethane-based  flexible  electrode  that  was 
chosen  when  this  unit  was  proposed  was  found  to  have  insufficient  electrical 
conductivity  in  subsequent  testing.  Further  surveys  did  not  reveal  a 
commercially  available  alternative  material.  A  sufficiently  conductive 
flexible  electrode  was  developed  by  us  for  use  on  the  polyurethane  arrays,  but 
it  employs  a  carbon  fiber  conductive  filler  which  also  acts  to  reinforce  the 
elastomer  and  degrade  its  flexibility  somewhat.  This  is  not  completely 
undesirable  since  a  somewhat  stiffer  cover  layer  over  the  matrix  appears  to 
enhance  the  longitudinal  stress  and  so  increase  the  g^  of  the  device. 

3.1  Element  Assembly 

A  square  sheet  is  cut  from  card  stock  and  the  array  lined  out.  For  the 
majority  of  the  arrays,  the  hinge  thickness  between  elements  was  0.188  cm  with 
the  same  boarder  (4x4  array  -  1"  square  device).  In  an  attempt  to  improve 
the  sensitivity  of  the  device,  several  have  been  made  with  0.090  cm  hinge  and 
boarder  (5x5  array  -  1"  square  device). 

Elements  are  visually  aligned  and  glued  in  place  with  Evan's  Velsh  Glue. 
This  glue  softens  slowly  in  warm  water  allowing  the  card  stock  to  be  removed 
after  casting.  Elements  are  placed  electrode  down,  all  in  the  same  polarity. 
In  the  case  of  the  3-1  elements,  the  orientation  of  the  central  hole  is 
rotated  90 •  for  adjacent  elements. 

3.2  Casting  of  Hinging  Matrix 

The  array  is  placed  in  a  metal  box-mold  with  removable  side  plates.  The 
matrix  polymer  is  prepared  and  poured  into  the  mold  to  cover  the  elements. 
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Car®  is  taken  to  remove  visible  bubblss  from  tb«  liquid.  A  polypropyl ®u® 
sb««e  with  overflow  port  is  placod  on  top  of  tb«  array,  tbea  a  rigid  natal 
plat®  (saa®  overflow  port  locatioa)  is  slowly  pr®ss®d  into  th®  nold  and  axc«ss 
polyaer  is  forcad  out.  The  polyaar  is  our«d  at  70®C  for  18  hours.  Th®  aold 
is  disass«ablad  and  flashing  is  triaaad  off.  Fiaally.  th®  array  is  soaked  in 
warn  water  and  th®  card  stock  is  pooled  away. 

All  excess  glua  is  carefully  scrubbed  froa  th®  electrode  faces  on  the 
card  stock  side.  Excess  polyaer  is  cut  froa  th®  electrodes  of  the  opposite 
side.  The  array  is  washed  in  ethanol  to  remove  any  cheaical  residue  or  oils 
froa  the  surfaces. 

Two  distinct  faailies  of  natrix  (hinge)  aaterial  have  been  investigated. 
The  first  is  polyurethane.  The  aaterial  used  in  this  study  is  known 
coanercially  as  Flexane  and  is  Manufactured  by  Oevcon  Corporation.  Danvers. 
MA.  Originally  it  was  supplied  in  4  distinct  hardnesses  30,  60.  80.  and  94. 
Of  these.  30  and  60  had  sufficient  flexibility  for  our  application.  This 
aaterial  is  now  supplied  only  as  Flexane-80  with  an  additive  for  use  in 
preparing  the  aore  flexible  coapos itions. 

The  second  aaterial  is  a  flexible  epoxy  known  as  Ecco-gel  supplied  by 
Eaaerson  and  Cannings,  Inc.,  Canton,  MA.  It  is  also  available  in  a  variety  of 
duroneters.  We  have  investigated  0,  25,  45  and  80.  In  general,  flexibility 
decreases  with  increasing  duroneter. 

3-3  Application  of  Flexible  Electrode 

The  flexible  electrode  compound  is  painted  onto  both  faces  of  the  array 
approximately  1/16  inch  thick.  Cleaned  wire  oesh  leads  are  embedded  into  the 
electrode.  The  electroded  array  is  sandwiched  between  polypropylene  sheets 
then  metal  plates  and  claaped,  then  cured  at  70°C  for  18  hours.  After  curing. 


any  excess  electrode  is  triamed  along  the  edge  of  the  array. 


Two  separate  electrode  systems  were  developed  for  use  on  conformal 
arrays.  A  variety  of  materials  were  investigated  as  conductive  fillers  for 
polyurethane,  including  silver  powder,  carbon  black,  flake  graphite  and  carbon 
fiber.  It  was  found  that  Thornel  VME  grade  carbon  fiber  from  Union  Carbide 
Corporation,  Chicago,  XL,  at  45%  wt  loading  in  Devcon  30  durometer  flezane 
polyurethane  gave  the  best  results  in  terms  of  workability  and  resistivity. 
Silver  loaded  polyurethanes  were  examined  but  the  full  range  of  available 
particle  morphologies  were  never  tested  in  polyurethane.  The  optimum 
electrode  system  is  dependent  on  particle  size,  particle  shape  and  volume 
percent  loading  of  the  filler.  The  conductive  filler  must  achieve  some  degree 
of  long  range  physical  cross  linking  to  achieve  good  conductivity,  and  when 
this  occurs  the  viscosity  of  the  mixture  and  the  rigidity  of  the  cured 
electrode  can  increase  dramatically.  It  is  likely  that  a  mixture  of  particle 
shapes  is  the  most  desirable  with  some  providing  long  range  conduction  and 
some  providing  short  range  contact  in  three  dimensions.  The  carbon  fiber 
electrode  is  applied  and  then  pressed  out  to  achieve  a  thin  layer  with  a  high 
degree  of  cross  linking. 

For  the  flexible  epoxy  arrays,  a  different  filler  system  worked  best.  A 
4:1  mixture  of  Metz  1-200  fine  silver  powder  and  Metz  #16  silver  flake  at  a 
13.7  vol%  loading  in  Eccogel  0  durometer  flexible  epoxy  gave  optimum  results 
for  conductivity,  flexibility  and  strength.  Carbon  fibers  were  tried  in 
Eccogel,  but  the  optimum  loading  gave  a  much  lower  conductivity.  This 
electrode  is  also  applied  with  a  pressing  step  before  curing. 

In  both  cases,  the  electrical  connections  are  included  in  the  application 
of  the  flexible  electrode.  The  best  connection  was  found  to  be  copper  braid 
sold  for  desoldering  application  (no  flux).  This  made  a  durable,  flexible 
contact  to  the  outside  and  was  held  strongly  by  the  flexible  conductive  layer. 
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3. 


Two  different  potting  techniques  have  been  used  for  arrays  depending  upon 
the  polymer  systems  used  for  the  matrix  and  the  flexible  alaetrods. 

For  polyurethane  arrays,  the  potting  material  is  Flexane  #30  dnromsts r. 
This  is  mixed  and  tbs  array  is  dipped  several  times  until  the  mixture  thickens 
with  room  temperatnre  coring  and  a  heavy  coating  is  built  ap  that  completely 
cowers  the  array  and  leads.  This  is  then  placed  on  a  polypropylene  sheet  and 
cured  at  70*C  for  18  hours. 

For  epoxy  arrays,  the  potting  will  adhere  to  itself  better  than  with  the 
polyurethane.  In  this  case,  the  array  is  suspended  in  a  mold  and  held 
centered  by  small  blocks  of  cured  potting  material.  More  potting  compound  is 
prepared  and  poured  around  the  array  and  leads.  The  potted  array  is  cured  at 
70*C  for  18  hours. 
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Prior  to  assembly,  all  eleaeats  are  teated  for  capacitaace  using  aa  HP 
4742A  LC&  aeter  aad  sorted  oa  a  pass/fail  basis.  All  devices  are  tested  for 
piezoelectric  d^j  coefficieat  asiag  a  Berliacoart  aeter.  Eleaeats  showing 
better  than  pass/fail  values  are  sorted  iato  lots  aad  aarked  for  polarity. 
Selected  eleaeats  that  pass  the  above  teats  are  tested  for  hydrostatic  voltage 
coefficieat.  The  equipment  for  this  detera iaatioa  is  showa  ia  Figure  3.1. 
the  saaple  is  iaaersed  ia  aa  oil  filled  cyliader  aad  its  response  to  A.C. 
stress  coaparod  to  a  standard  with  known  g^.  Either  a  Nicolet  204A 
oscilloscope  or  an  HP  3583A  spectrua  analyzer  is  used  to  aeasure  the  oatpat 
signal  at  pressures  froa  zero  to  1000  psi.  Average  characteristics  for 
accepted  eleaeats  are  listed  ia  Table  3.1. 

All  arrays  fabricated  in  the  l"xl'’  size  have  been  tested  for 
capacitance  oa  the  HP  4742A  aad  for  hydrostatic  voltage  coefficieat  in  the 
apparatus  of  Figure  4.1.  Kesults  are  compared  ia  the  following  tables. 
Capacitaace  aad  g^  are  used  to  calculate  d^  using  the  electrode  area  of  the 
device.  Sensitivity  referenced  to  1  volt/pPa  is  calculated  froa  the  measured 
*h  at  100  aad  1000  psi.  Coaparisoa  of  these  values  will  give  a  rough  idea  of 
the  pressure  dependence  of  the  devices.  The  k^  shown  ia  these  tables  is 
based  oa  the  electroded  plate  area  of  the  entire  array.  The  piezoelectric 
coefficient  is  the  aeaa  value  for  all  eleaeats  included  in  the  array. 
Coaplete  data  for  arrays  at  all  pressures  tested  both  before  and  after 
pressure  cycling  and  data  for  comparison  of  total  element  electrode  area 
values  and  device  area  values  is  collected  in  Appendix  A. 

Table  4.2  shows  characteristics  of  16  element  flexible  arrays  prepared 
froa  3-1  elements  with  neat  (unfilled,  unfoaaed)  matrix.  Sample  FLEX  20  was 
the  first  array  made  oa  this  project  aad  its  values  appear  to  be  anomalously 


Figure  4.1.  Apparatus  asad  for  dyuaaic  A.C.  measurement  of  hydrostatic 
voltage  coefficient. 


high.  Perhaps  this  is  because  of  its  very  thick,  stiff  carbon  fiber/ 
polyurethane  electrode.  FLEX  21-28  all  contain  extruded  3-1  elements.  The  3- 
1  perforation  was  packed  with  fiber  frax  but  not  sealed  against  matrix 
intrusion  during  forming.  From  tests  on  individual  elements,  it  is  certain 
that  completely  filling  the  perforation  with  a  hydrostatically  incompressable 
material  like  polyurethane  will  nearly  destroy  the  hydrostatic  response,  since 
the  pressure  inside  the  perforation  becomes  equal  to  the  pressure  applied  in 
the  3-direction.  On  this  basis,  and  neglecting  the  data  of  FLEX  20,  sample 
FLEX  33  which  is  prepared  from  machined  3-1  elements  in  which  the  perforation 
has  been  filled  with  epoxy  represents  a  dramatic  improvement.  It  also  appears 
from  this  data  that  the  harder  flexane  60  devalues  the  g^  response  less  than 
the  softer  flexane  30. 

Data  in  Table  4.3  is  for  16  element  arrays  in  which  the  matrix  has  been 
foamed  by  adding  water  to  the  mix  before  curing.  This  technique  enhances  the 
low  pressure  gh  values  especially  for  the  30  durometer  flexane  (which  also 
foams  better),  but  results  in  an  extremely  pressure  dependent  device.  See 
Appendix  A  for  plots  of  g^  vs  pressure.  Foaming  the  matrix  can  enhance  the  g^ 
value  of  the  array  (above  that  measured  for  individual  elements)  at  low 
pressure  because  the  carbon  fiber  loaded  electrode  is  stiffer  than  the  matrix 
and  enhances  the  3-direction  stress  of  the  device.  This  effect  disappears  as 
the  foamed  matrix  presumably  collapses  at  higher  pressures  and  stress  is 
transmitted  throngh  the  matrix  in  the  transverse  direction. 

Pressure  dependence  also  occurs  (but  to  a  lesser  extent)  in  the 
microballoon  and  PMM  (Polymethylmethacrylate  spheres)  filled  matrices  of 
Tables  4.4  and  4.5  respectively.  The  properties  of  arrays  with  a  PMM  filled 
matrix  are,  in  general,  superior  to  those  with  microballoon  filler:  higher 
g^,  g^d^  product  and  sensitivity.  They  also  have  slightly  lower  pressure 
dependence.  If  we  assume  that  microballoons  can  implode  at  high  pressure. 
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then  PMM  filler  should  also  be  sore  r eproduc ab  1  e.  Both  the  PMj£  and 
microballoon  filled  arrays  are  superior  in  pressure  dependence  to  the  foamed 
arrays. 

The  next  three  tablet  list  data  for  arrays  prepared  from  epoxy  based 
elastomers  sold  commercially  as  Eccogel  1365  of  varying  hardness.  Table  4.6 
presents  a  series  of  devices  prepared  to  investigate  the  effect  of  elastomer 
dnrometer  variations  in  both  the  matrix  and  the  sealing  jacket  (which  for 
these  devices  is  quite  thick)  on  the  hydrostatic  properties  of  the  device. 
The  data  is  confused  perhaps  because  (as  with  the  flexane  arrays)  individual 
elements  could  not  be  generated  in  numbers  sufficiently  large  to  ensure 
uniformity  (see  mean  d^j  characteristics)  from  device  to  device.  There 
appears  to  be  a  slight  tendency  for  devices  with  harder  (higher  number)  matrix 
to  have  higher  hydrostatic  voltage  coefficient  and  less  pressure  sensitivity. 
One  might  expect  that  samples  with  a  hard  jacket  and  soft  matrix  the 
sensitivity  of  the  array  would  be  lower  but  this  cannot  be  proven  by  the  data. 

Table  4.7  shows  data  from  three  devices  prepared  with  some  of  the  same 
matrix  variations  as  Table  4.6  but  with  25  elements  in  the  l"xl"  array. 
This  reduces  the  hinge  width  from  0.188  cm  to  0.090  cm  and  increases  the  d^, 
gjjdjj  product,  and  permittivity  of  the  device  but  has  no  effect  on  the 
hydrostatic  voltage  coefficient.  These  arrays  are  somewhat  less  flexible  than 
for  those  with  16  elements  per  square  inch,  but  are  still  within  the  proposed 
specifications.  Flexing  the  25  element  array  appeared  not  to  overstretch  and 
so  disrupt  the  flexible  electrode. 

Table  4.8  shows  data  for  two  arrays  with  microballoon  and  PMM  fillers  in 
the  matrix.  It  is  more  difficult  to  prepare  a  filled  epoxy  matrix  material 
than  is  the  case  for  the  polyurethane  because  of  the  lower  viscosity  of  the 
mix  and  longer  pot  life.  The  fillers  tend  to  separate  easily  either  floating 
or  sinking  depending  on  their  density.  The  results  show  that  filler  addition 


ined.  Epoxy  Pilled 


increases  the  low  pressure  g^  coefficient,  but  (especially  in  the  microballoon 
filled  matrix)  increases  the  pressnre  dependence. 

Table  4.9  reviews  polyurethane  and  epoxy  elastomer  arrays  prepared  from 
1-3-0  rod-composite  elements.  These  elements  are  more  time  consuming  to 
prepare  than  the  3-1  style  transducer.  These  elements  have  a  high  intrinsic 
g^  and  lower  d^  but  the  product  is  higher  than  for  the  3-1  elements.  They 
also  have  a  much  lower  capacitance  (see  Table  4.1). 

Only  in  the  case  of  FLEX  43  with  its  PMM-filled  matrix  does  the  g^ 
approach  that  of  the  individual  elements  but  at  higher  pressure  the  value 
reduces  to  become  equal  to  the  other  arrays.  FLEX  42  appears  to  be 
anomalously  low  and  the  reasons  for  this  are  unclear. 

The  Eccogel  arrays  (16  and  17)  are  both  prepared  from  elements  (25  in  a 
l"xl"  array)  that  are  very  similar  in  their  piezoelectric  characteristics. 
All  responses  of  these  two  devices  are  essentially  identical  even  though  the 
matrix  and  jacket  are  of  different  hardness.  This  seems  to  indicate  that  the 
relative  elastic  properties  of  the  elastomer  is  not  very  important  for  these 
types  of  elements.  In  fact  this  was  expected  because  for  the  individual  1-3-0 
elements  the  PZT  rods  (the  active  portion)  are  insulated  from  elastomer 
transmitted  transverse  stress  by  the  epoxy/microballoon  matrix. 

Table  4.10  shows  two  Eccogel,  25  element  arrays  containing  3-3  BURPS 
elements.  Only  two  arrays  have  been  prepared  from  this  transducer  type 
because  the  properties  seem  to  be  the  least  favorable  for  the  desired 
application.  They  have  the  lowest  g^d^  produ.  f  all  the  elements  and 
moderate  permittivity.  In  this  case,  the  g^  value  is  the  same  in  the  array  as 
for  the  individual  elements.  The  elements  were  well  matched  and  again  no 
effect  of  elastomer  durometer  was  seen  with  this  array.  The  attractive 
feature  of  the  3-3  element  is  that  it  should  be  the  easiest  to  put  into  mass 


production. 


5.0 


PaTices  Tested  at  Naval  Labs 

Tiara  is  some  complexity  involved  in  describing  tie  details  of  samples 
delivered  for  Navy  testing.  Some  were  sent  to  New  London,  some  to  Orlando, 
and  one  to  Arlington.  Some  devices  were  numbered  before  shipment  and  others 
were  not.  all  sample  designations  were  reorganized  recently  when  the  data  was 
stored  on  computer  at  MILL  (FLEX  and  ECCO  designations).  Most  shipments  are 
documented  with  letters  of  transmittal  but  some  now  only  by  copies  of  data 
returned  after  Navy  testing.  Some  of  the  present  confusion  occurred  because 
the  Principal  Investigator.  Dr.  Walter  Schulze,  left  MRL  for  a  position  at 
Alfred  University.  It  is  also  true  that  no  formal  channels  have  been  set  up 
between  MRL  and  Naval  Labs  for  this  work.  Navy  testing  seems  to  have  been 
conducted  in  a  catch  as  catch  can  basis  since  there  is  no  formal  budget  for 
this  portion  of  work.  This  situation  is  not  completely  undesirable  but 
perhaps  helps  to  explain  some  of  the  confusion.  However,  our  relations  with 
Naval  labs  (especially  with  Or,  Robert  Ting  at  Orlando)  have  been  extremely 
productive . 

5.1  ,.Q*.Uv9rr 

The  following  is  a  chronological  record  of  delivered  devices  with  new 
sample  numbers  for  correlation  with  Appendix  A. 

Saysifrf-r  1231 

Two  samples  were  sent  to  C.  LeBlanc  at  New  London.  Both  were  l”xl'\  16 
element  arrays  with  a  No.  30  Flexaae  matrix  containing  40  vol%  ?MM  filler. 
One  device  contained  1-3-0  style  transducers  with  13  mil  PZT  rods  (old 
designation:  H2-29b-4,  new  designation:  FLEX  43).  The  other  device  was 
prepared  from  machined  3-1  elements  with  epozy  filled  perforations  (old 
designation:  32-29b-5,  new  designation:  FLEI  32). 

We  have  only  a  telephone  record  of  test  data  returned  from  New  London. 
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It  is  oar  understand lag  that  these  devices  were  to  be  forwarded  to  Orlando  for 
farther  testing,  bat  according  to  Dr.  R.  Ting  (personal  communication)  they 
did  not  arrive. 

1231 

A  large  4"x4"  array  containing  2 56  1-3-0  style  elements  in  a  No.  30 
Flexane  +35%  PMM  matrix  was  sent  to  Dr.  Robert  Pohanka  in  Arlington.  After 
inspection,  this  was  forwarded  to  Dr.  Robert  Ting  in  Orlando.  This  device  was 
received  bat  never  tested,  apparently  due  to  jacket  failure  under 
pressurixation,  Old  designation:  LCA  #1,  no  new  designation,  too  large  for 
testing  at  MRL. 

December  21.  1982 

A  large  4"x4"  array  containing  256,  3-1  style  elements  (machined 

perforation)  in  No.  30  Flexane  +35%  PMM  matrix  was  sent  for  testing  to  Dr. 
Robert  Ting  in  Orlando.  This  device  was  tested  and  a  copy  of  the  results  are 
included  in  this  report.  It  was  decided  that  all  future  devices  would  be  sent 
directly  to  Orlando. 

Sptiaa  12&L,  l&Rla-jatatfsal 

A  l'*xl"  array  containing  16,  1-3-0,  12  mill  rod  elements  with  neat  No. 
60  Flexane  matrix  was  sent  to  Orlando.  The  old  sample  designation  was  H2-17a- 
1,  it  is  now  listed  as  FLEX  41.  This  sample  was  tested  and  data  and  sample 
were  returned  to  MRL. 

1dm  .sa tesaal 

Six  polyurethane  based  arrays  with  different  matrix  composition  were  sent 
to  Dr.  Robert  Ting  in  Orlando.  All  were  prepared  from  machined  3-1  elements 
which  had  their  perforations  filled  with  epoxy.  Dr.  Ting  plotted  the  MRL  test 
data  and  copied  this  back  to  us  showing  his  samples  designations.  They  are 


shown  below  with  their  new  numbers. 


1 

FLEX  35 

No.  50  Flexaae  -  neat 

2 

FLEX  35 

No.  30  Flexaae  -  neat 

3 

FLEX  37 

No.  30  Flexaae  -  35  v/o  PMM 

4 

FLEX  38 

No.  30  Flexaae  -  40  v/o  PMM 

5 

FLEX  39 

No.  30  Flexaae  -  55  v/o  Mieroballooa 

5 

FLEX  40 

No.  30  flexaae  -  foamed 

Of  these,  oaly  FLEX  37  (3)  tad  FLEX  39  (5)  were  tested  tad  data  rataraad 
to  MBL  (samples  retaiaed  ia  Orlaado). 

IalxJL-1222 

Three  Eccogal  epoxy  basad’l"xl"  arrays  prepared  from  machined  3-1 
elements  with  apoxy  filled  perforatioaa  ware  seat  to  Orlaado: 


New  MEL  Orlaado 

No, No.  Array  Pa  script ioa 

EC CO  11  — —  25  alaaaats.  No.  0  aatrix.  No.  25  jacket 

ECCO  09  Eccogal  45/45  15  alaaaats.  No.  45  aatrix.  No.  45  jacket 

EC CO  05  —  15  alaaaats.  No.  45  matrix.  No.  25  jacket 

Oaly  ECCO  09  was  awaataally  tastad.  Ia  a  subsequent  letter  from  Or.  Tiag 


(with  data),  it  was  reported  that  ECCO  11  aad  ECCO  05  were  aot  tastad  because 
of  visual  iaspaetioa  showed  a  matrix  void  aad  a  misaligaad  elemeat.  All 
saaplas  rataiaad  ia  Orlaado. 

5*2  Summary  of  Maw  Test  Data  oa  MBL  Conformal  Arrays 

Written  data  was  received  at  MBL  from  Navy  tasting  of  five  devices.  Four 
of  these  wars  l"xl"  devices  aad  the  results  may  be  compared  to  data  obtained 
at  MEL  (sea  Appendix  A).  The  other  device  was  a  4''x4”  array  that  was  too 
large  for  testing  at  MBL. 

Two  devices  were  sent  to  the  Navy  Labs  at  New  London,  CT,  c/o  Charles 


LeBlanc.  Eis  comments  were  received  by  telephone  oaly. 


Old  No.:  H2-29b-4  (FLEX  43) 


1-3-0,  18  oil  rod,  1 6  element 


Capacitance: 

Sensitivity: 


Old  No.:  H2-29b 

Capacitance: 

Sensitivity: 


85  pF,  loss  8%  at  1  KHz 

-192.5  dB  from  1  KHz  to  80  Hz  then  roll  off 
'damaging  RC  tiae  constant' 

5  (FLEX  32)  3-1,  epoxy  filled,  16  eleaent 

391  pF,  loss  4%  at  1  KHz 
-196  dB  froa  1  KHz  to  1  Hz 


All  aeasnreaents  at  rooa  pressure. 


USED  -  Orlando 


Test  Data 


on 


Large  Conforms  1  Array  No.  LCA— 2 


MBL  Description 

Elements :  256  machined,  epoxy  filled,  3-1  elements 

Matrix:  #30  Flexane  -  35  volft  PMM 

Electrode:  #30  Flexaae  -  45  vol%  VME  carbon  fiber  and  chopped  silver  wire 

Jacket :  #30  Flexana  -  neat 

Size :  4''x4’'  with  boarder 

Electrode  Area:  96.04  cm^ 

2 

Element  Area:  40.96  cm 

Capacitance:  8.07  n F 

Dielectric  Loss:  .0151 

Mean  d^j:  225-380 

Mean  element  capacitance:  32.0  pF 

Mean  element  loss:  0.0250 
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USED  -  Orlando 


Test  Data 


on 


1’  *xl"  Conformal  Array 

Old  HRL  No.  ET2-17a-l 
Now  URL  No.  FLEX  41 
Orlando  No.  H2-17a-l 


Sea  Appendix  A 


PH  CPC/N> 


CG-0IX5  H9 


<6-0 1 X>  MO 


USED  -  Orlando 


Test  Data 


on 


l"xl"  Confornal  Array 

Old  MBL  No. 

New  MSL  No.  FLEX  39 
Orlando  No.  5  or  FT, EX  5 


MRL  Description:  See  Appendix  A 


CXI 0-3> 


FLEX  ECCOGEL,  3,  S 
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USED  -  Orlando 
Tast  Data 


on 


l"xl"  Conforaal  Array 


Old  MBL  No. 

New  MR L  No.  ECCO  09 

Orlando  No.  ECCOGEL  45/45.  FLEX  ECCOGEL  45/45 


Description:  See  Appendix  A 
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UNDERWATER  SOUND  REFERENCE  DETACHMENT 
P.  0.  BOX  3337 

ORLANDOf  FLORIDA  32836  —  a 

7  s  £  <■" 


PRESSURE  CYCLE  0.30  TO  30.00  FOR  ECCOGEL  1363-43  4X4 


PRESS 

(DH) 

(GH) 

( K33  ) 

(SEN) 

(CAP)  (DISS) 

PC/N 

VM/N 
( X10-3 ) 

DB.  . 

PF. 

(X10 

-2) 

0.30 

189.00 

22.80 

937.00 

-200.93 

330.70 

1.84 

3.00 

193.00 

20.40 

939.00 

-201.96 

343.40 

1  .S3 

10.00 

193.00 

18.70 

1000.00 

-202.71 

366.70 

1.37 

13.00 

193.00 

17.00 

1004.00 

-203.33 

369.20 

1.83 

20.00 

196.00 

13.30 

1023.00 

-204.85 

380.80 

1.82 

23.00 

196.00 

14.00 

1039.00 

-203.77 

388.30 

1.32 

30.00 

196.00 

12.70 

1048.00 

-206.06 

393.70 

1.83 

4a, 

\Cr 

< 

l 


£  /  5^ 


<  - 
it'uLc-  c7/i~c 
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NAVAL  RESEARCH  LABORATORY 

underwater  sound  reference  detachment 

f>.  0.  BOX  3337 
ORLANDO »  FLORIDA  32834 


f~  c  x* $  c 

PRESSURE  CYCLE  30.00  TO  0.30  FOR  ECCOGEL  1345-43  4X4  <br/<+r 


PRESS 

(  DH) 

(GH) 

(K33) 

(SEN) 

(CAP) 

(DISS) 

MPA 

PC/N 

VM/N 

OB. 

PF. 

(X10-3) 

(X10-2) 

30.00 

194.00 

12.70 

1048.00 

*•204 . 04 

393.70 

1.33 

23.00 

194.00 

13.00 

1042.00 

-203.82 

390.40 

1.31 

20.00 

194.00 

13.40 

1034.00 

-203.43 

387.10 

1.S2 

13.00 

193.00 

14.30 

1028.00 

-204.39 

382.30 

1.33 

M  « 

10.00 

193.00 

13.30 

1019.00 

-204.14 

377.20 

1.84 

. 

3.00 

193.00 

13.00 

1001.00 

-203.07 

“47.30 

1.38 

0.30 

194.00 

21.30 

979.00 

-201.30 

334.30 

1.93 
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1)  T3i0  conformal  array*  developed  ia  this  work  appear  to  be  limited  by 
the  besic  characteristics  of  the  transducers  from  which  they  are  fabricated. 
Many  aspects  of  array  construction  have  been  investigated  soae  of  which 


enhance  the  properties  of  the  array  including: 

a)  Stiff-electrode  stress  enhancement  ^ 

b)  Matrix  fillers  for  enhancement  of  low  pressure  sensitivity 

c)  Closer  element  spacing  to  enhance  area  dependent  properties  such  as 

d^  and  permittivity  # 

d)  Effect  of  matrix  vs  jacket  hardness  in  arrays  where  the  elements  are 

especially  effected  by  transverse  stress  (i.e.,  3-1  perforated 

blocks)  .  0 

2)  Two  elastomer  systems  have  been  investigated  (polyurethane  and  epoxy) 

and  the  advantage  of  each  has  been  determined:  the  epoxy  has  better  polymer/ 

ceramic  bonding,  better  self  bonding,  it  has  a  longer  pot  life  and  its  lower  0 

viscosity  makes  it  easier  to  achieve  void-free  embeddments.  It  is  slightly 

prone  to  fracture  and  it  is  difficult  (at  least  with  the  system  used  here)  to 

use  with  fillers.  The  polyurethane  is  more  amenable  to  fillers  and  foaming  to  p 

enhance  low  pressure  properties. 

3)  It  is  obvious  from  the  data  that  some  of  the  aspects  of  this 

investigation  have  been  obscured  by  the  lack  of  large  quantities  of  transducer  • 

elements  with  uniform  properties.  It  should  be  obvious  that  this  is 
impossible  to  achieve  with  the  resources  available  at  MRL  although  much  of  the 
development  work  that  will  be  required  for  a  scale  up  in  a  production  setting  • 

has  been  initiated  here. 

4)  It  is  not  possible  with  the  present  facilities  at  the  Materials 

Research  Lab  to  produce  production  quantities  of  the  transducer  elements  • 

required  for  large  scale-up  devices.  As  can  be  seen  in  the  procedures 


section,  production  scale  up  did  not  work  primarily  because  of  equipment 
limitations  (i.e.,  extruded  3-1  elements).  This  is  not  to  say  that  large 
scale-up  is  not  feasible  but  rather  that  it  is  not  feasible  at  MEL.  at  least 
under  current  equipment  restrictions.  The  procedures  used  for  the  present 
work  are  manpower  intensive.  Due  to  technical  staff  limitations,  large  number 
of  uniform  parts  (i.e..  individual  elements)  are  unlikely  to  be  forthcoming. 
As  element  production  work  proceeds  at  industrial  sites  (such  as  Celanese 
Corp.)  MEL  interaction  in  preparing  larger  devices  may  be  more  effective. 
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7.0  Fitre?  Zaifc 


Because  of  aiflpovtr  restrict  ions,  it  lias  boas  decided  that  any  future 
work  should  ba  dona  on  conformal  arrays  of  much  saallar  size  (maximum: 
2"x2"  100  alaaaat  arrays). 

Because  of  the  conclusion  that  tbs  arrays  investigated  to  data  are 
liaitad  by  alaaant  characteristics  a  aodified  eleaent  will  ba  investigated. 
This  will  consist  of  the  3-1  perforated  block,  ul trasonically  aachiaed,  but 
with  a  larger  perforation  and  saallar  wall  thickness.  The  perforation  will 
be  eapty  with  aluaina  cover  plates  epoxied  in  place.  Matrix  aaterial  will  not 
intrude  into  the  center  portion  of  the  perforated  block,  but  the  aluaina 
plates  will  reinforce  the  block  and  so  devalue  the  g^  response  somewhat. 

Several  saaples  prepared  in  this  way  show  improved  g^  values  but  with 
lower  permittivity.  A  series  of  array  sizes  including  l/2”-4  elements,  1"- 
25  elements  and  2"-100  eleaents  will  be  prepared  to  evaluate  the  effect  of 
array  size  on  scale-up  properties. 


APPENDIX  A 

Hydrostatic  Voltage  Coefficient  Versus  Pressure  Graphs 
and  Detailed  Data  for  l*'xl"  Arrays 


ECCO  01 


.C^cJe.OL 


C-  347.S3pP  ;<E- 

COMP A-  6 . 44cm2 


'6g  .  23  !\C-  334  .  i 


Ujy-  G  S  D  |J  L, . 


[LEMENT 


r  a  a  s> 

dh 

3«  n  •» 

dh 

u  h  a  h 

P3I 

Vrt/’N 

db  re 
t  y  /  u  P  o 

C/74 

«2/N 

30 

21.13 

-201 . 43 

130 , 94 

*•  n 

v  0 1.  J  ■  ,  •— 

too 

23.90 

-200 . 39 

2Q 4 . 4? 

4336 . 30 

30  0 

24 . 26 

-200 . 26 

307 . 33 

20  33.13 

COMPOSITE  ii 

u  h  6  h  U  l"i 

C  /  N  n  2  /  '1 


19  i ? 4£  .  S.1 
■3  233'..:' 


*  'i  S 

•j  ii 

3  «  i'i  e 

ELEMENT  A 

j  h  ■  j  h  O  M 

CCMP33  t”T 
•Jh 

?3I 

y«/w 

do  re 

C/N 

«2/N 

2  N  -i2 

30 

23.16 

IV/'jPa 
-200 . 66 

193.14 

4';  CG  ■  3  / 

" 3  "  J  1C2  1 

100 

26 . 32 

-  199 , 49 

226 . 33 

60  V6  ■  ,?3 

«0  ..  9  22”  ' 

300 

23 . 93 

-200 . 37 

204.30 

4 '"‘07 . 29 

3  1  .  i6  1 "3  1 

30  0 

2  4  ,  43 

-200 .  13 

209 . 43 

3126  .  .76 

^  »T  -5  Q  *T  T’ 

~on 

23 . 6”1 

-200.49 

202 . 30 

4793  .  .2  0 

~  a  3  ■’)  i  0  *: 

1300 

22 . 44 

-200 . 94 

191 . ?3 

4307 . 99 

“*  _  -*  ^  l  i  r- 

Eccogel  1365-0  Matrix  and  1365-0  Jacket. 

15,3-1  Machined  Safari  ?ZT  elements. 

Canter  hole  filled  with  Tra-bond  3112  Ecoxy. 

Electrode  Eccogel  1365-0  -  Metz  fine  silver  powder  and  *'lake. 


r*  _  r—  ^  _  fs 

W -  3Ju . 7QT 

COMP  A=  6 

;<c  = 

.  4  4c  m2 

940 . 43  !< 

1C*  373.34 

jwJ*  lL  t} 

3pC/N  ELMA=  2 . 36c  m2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
d  h  d  h  o  h 

PSI 

Vm/N 

db  re 

C/N 

«2/ N 

C/N 

nZ/ti 

30 

25 . 13 

1 V  /  u  P  a 
-199 . 94 

209 . 66 

3279 , 31 

33 . 33 

2090 . 63 

100 

27 . 36 

-199 , 22 

227 .31 

6233 . 02 

90  •  56 

2477 . 75 

300 

25 . 34 

-199 . 38 

211.00 

3346 . 62 

33 . 37 

2.123 . 3? 

300 

24 . 35 

-200 . 03 

206 . 92 

3141 . 34 

32. 23 

2043  .  *9 

70  0 

24,71 

-200 . 10 

205 . 75 

3034 . 07 

31.79 

2  0  21 . 0  2 

1000 

22 . 93 

-200 . 73 

190.93 

4377 , 93 

73 . 90 

1740 . 34 

Cycle  02 

C 3  332. ?pf  KE  =  940.43  !<C*  373.34  d33  =  2o3pC/N  ELMA--*  2,36c,n2 

COMPA*  a  ,  44cm2 


ELEMENT  A 

COMPOS 

1 I T  c  A 

1"SS3 

q  h  Sens 

Jh 

d  h  q  n 

u  h 

d  li  u  h 

ps: 

Ym/N  db  re 

IV/uPa 

C/N 

m2/N 

C/N 

m2/N 

30 

27.32  -199.23 

227 . 48 

62.1  4.30. 

9  0  .  43 

2  47  0  31 

100 

27.31  -199,17 

229 . 06 

6301.33 

9 1  .  0  6 

2504  .  ^ 

300 

26.66  -199.44 

221 . 99 

5913.13 

30.24 

2332 . 39 

3oa 

26.43  -199,32 

220 , 07 

3316 , 48 

3~  .  48 

2312 .  17 

"00 

23.32  -199.32 

212  ■  49 

3422 . 33 

3 4  .  47 

2133.6? 

1000 

22.33  -200.33 

133,01 

4243 . 33 

74 . 74 

1607 . 61 

Eccogel  1365-25  Matrix  and  1365-0  Jacket. 

15,3-1  Macnined  Safari  °Z~  elements. 

Center  no'e  -’ll ed  ^ i -h  Tra-tiond  2113  Eooxy. 

Electrode  Eccogel  1365-0  -  Metz  fine  silver  oowder  and  *  ake. 


(PSD 


- L.ycJ-e-Q.1 _ 

C*  303,73pf  K2*  392.57  KC  =  334.31  d33=  313pC/N  ELMA*  2.36cm2 

COMPA*  6 . 44cn2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P3I 

V«/ N 

db  re 
lY/uPa 

C/N 

«2/N 

C/N 

«2/M 

30 

23.24 

-199,92 

199,47 

5034,33 

79 . 29 

2001.31 

100 

22.20 

-201 . 03 

173 . 44 

3394 . 32 

69 . 74 

1348 . 23 

300 

19,93 

-201 , 96 

137 , 66 

3143, 34 

62.67 

1230 , 32 

soo 

16. 11 

-203.32 

127,31 

2051 . 03 

50 , 61 

3 1  3  i  w2 

700 

14 . 73 

-204. S9 

116.41 

1714 ,70 

46 , 27 

631 . 62 

1000 

13.99 

-202 . 39 

130 . 07 

2349 , 91 

39 , 66 

1132 . 38 

Cycle  04 

C»  505 . 73pf  KE-  S92 .  S7  i<C=*  334.31  d33*  3i3pC/N  ELMA*  2.S6c*2 

COMP 6.44C«2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

d  h  q  h 

dh 

d  h  u  h 

PSI 

Vn/N 

db  re 

1 V  /  u  P  a 

C/N 

*2/ N 

C/N 

ri2/i‘l 

30 

21 .91 

-201 . 13 

173 . 13 

w  x  Z  j  ,  /  j 

'  r>  ■"» 

CIO  .  JO 

1308.07 

100 

13 . 31 

-202 . 47 

140.63 

2796 . 14 

39,09 

1111 . 3  L 

300 

14.53 

-204 . 63 

113,22 

167? . 93 

49 . 3Q 

66  , 31 

SOO 

23.01 

-200 . 72 

131 , 34 

4134 . 23 

7?  .  2 ° 

1663 , 29 

700 

16.11 

-203 . 32 

127 .31 

2031 . 03 

3  0  .61 

<  1“  ^ 

Ol3  w 

1000 

12 . 66 

-203.91 

100. OS 

1 266 ■ 63 

39 . 97 

303 , 30 

Eccogel  1365- 

0  Matrix 

and  1365-25 

Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-3ond  2113  Epoxy. 

Electrode  Eccogel  1365-0  *  Metz  fine  silver  oowder  and  flaxe. 


(PSD 


ECCQ  04 


Cycle  05 


C»  436.2?pf 
COMP A-  6. 

KE3 

44cn2 

333. 17 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSX 

Vm/N 

db  re 

C/N 

«2/N 

C/N 

mZ/ti 

iV/uPa 

30 

16.37 

-203.68 

124 , 38 

2036 . 13 

49 . 44 

309 . 41 

100 

16 . 30 

-203.72 

123.35 

2013 . 73 

49 . 23 

302. SO 

300 

13.57 

-204. 11 

113,30 

1342 . 00 

47 , 03 

732 . 23 

S00 

13.  08 

-204.39 

114.33 

1727.39 

45. 33 

636 . 87 

700 

14 .71 

-204.61 

111.77 

1644 . 14 

44 . 43 

633 . 33 

tooo 

13.95 

-205. 07 

106.00 

1473 . 64 

42 . 14 

337.79 

Cycle  06 


C  =  486.29pf 
COMPA-  6, 

KE3 

44c«2 

858.17  X 

:C*  341 .14 

J33*  36SpC/N  ELMA=  2.36c«, 

ELEMENT  A 

COMPOSI 

TE  A 

P  r  e  s  3 

qh 

Sens 

dh 

dhqh 

dh 

d  h  q  h 

PSI 

y«/N 

db  re 

C/N 

«2/N 

C/N 

rt2 /ft 

IV/uPn 

30 

17 . 13 

-203.27 

130 . 31 

,  q  1 

31  .  SO 

npn  r-> 

JOO , JC 

100 

17. 03 

-203 . 33 

i29 . 40 

2203 , 63 

31 . 44 

373 . 9° 

300 

16. 03 

-.203 . 86 

121 . 30 

1932 . 43 

43 . 42 

97 6 , 14 

300 

1 3 . 63 

-204 . 03 

119.14 

1363 , 12 

47 . 36 

742 . 62 

700 

14.32 

-204 , 34 

112.61 

1668 , 82 

44 . 76 

663 . 39 

1000 

13.98 

-203 . 05 

106.22 

1483 . 00 

42  23 

390 . 32 

Eccogel  1365-25  Matrix  and  1365-25  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  wtih  Tra-bond  2113  Epoxy. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


ecco  os 


u 


C  a  341, 3op  f 
COMP A*  6. 

KE* 

44c*2 

933 .71 

KC=  379 , 9 

1  d33— 

363pC/N  1 

ELMA»  2 . 36c/n2 

» 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhah 

COMPOSITE  A 
dh  dhqh 

PSI 

Vm/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

i 

30 

26.35 

iV/uPn 
-199 . 43 

224 . 66 

5964.73 

39 . 31 

2371 . 10 

100 

27 . 94 

-199 . 03 

236 . 42 

6605.69 

93 . 93 

2623.37 

300 

27.03 

-199.31 

229 . 13 

6205 , 30 

91  .  09 

2466 . 71 

SOO 

2S.30 

-199 , 73 

213 , 32 

5632 . 55 

36 . 73 

2237 . 03 

700 

25 . 66 

-199.77 

217.13 

3371 . 39 

56 . 3 1 

2214 . SO 

t 

1000 

23.30 

-200 . 43 

201.39 

4793 . 13 

30 . 06 

1905.33 

Cycle  06 


hi 


C  =  341 . 3op  f 
COMP A»  6. 

K  c  = 
44c*2 

953.71  K  C=  379.91  d33=  365pC/N 

ELMA=  2  ■  36crt 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

PSI 

Ym/N 

db  re 

C/N 

«2/N 

C/N 

r2/N 

lY/u Pa 

3Q 

23 . 63 

-193 . 31 

242 . 69 

6960 , 24 

96  ■  4~ 

276o . 30 

100 

23 , 19 

-193 . 96 

233.34 

6724 . 43 

94 . 32 

2673 . 07 

300 

27.30 

-199 . 24 

231 . 0 1 

6306 . 54 

91.33 

2306 . 93 

300 

26 . 90 

-199 . 36 

227 . 62 

6123 . 03 

90  .  43 

2434 , 02 

700 

25 . 49 

-199 . 33 

213 . 69 

34-43 . 01 

35 . 74 

2135 . 53 

1000 

24 . 41 

-200 , 21 

206 , 53 

5041 , 93 

32.il 

2004 , 2" 

Eccogel  1365-45  Matrix  and  1365-25  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  Eooxy. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


2 . 16c *2 


C*  126 . 9 4p f  KE  =  929,91  KC  =  369.61  033*  310pC/N  ELMA* 

COMP A*  6.44cri2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

PSI 

Vm/N 

db  re 

iV/uPa 

C/N 

30 

23.30 

-193 . 77 

237. 12 

100 

29.31 

-193 . 46 

241.77 

300 

23.31 

-193.91 

233.42 

100 

23.21 

-193.94 

232.19 

700 

26.99 

-199,33 

222 . 22 

1000 

21.91 

-199 . 69 

213 . 33 

dhqh 

dh 

dho  h 

«2/N 

C/N 

«2/N 

632?  .  13 

94 . 26 

27 14 , 66 

7336 . 17 

97 , 70 

2916. 2.1 

6617.39 

72  .  ?? 

2630 . 49 

6570 . 7? 

92 . 46 

2611  96 

S997 . 72 

33.34 

2334, 16 

S127 . 33 

34 , 30 

2197. 13 

Cycle  02 


C-  126 . ?4pf  !<E*  929,91  KC*  369.61  d33*  310pC/N  ELMA*  ,2 . 16c*2 

COMPAQ  6 , 44c (*i2 


ELEMENT  A  COMPOSITE  A 


Pr  ess 

ah 

3«ns 

dh 

dh<J  h 

dh 

d  h  q  h 

PSI 

Vrt/N 

db  re 
i'J/ jPa 

C/N 

«2/N 

C/N 

n2/M 

30 

30 , 29 

-193 . 33 

24=? .  3? 

7114 , 03 

7?  ,  1 4 

3002 . 12 

100 

30 . 46 

-193 . 23 

210 , 79 

763? , 07 

?°  .  6? 

3 0 3c>  .  62 

300 

29,10 

- 1 ?Q . 16 

242 , 39 

7161.14 

76 . 11 

2 34o . 22 

100 

23,24 

-193 , 94 

232 . 11 

6166 .  1  4 

92  •  43 

2610 .  1  L 

700 

27 , 4? 

-19*  .  16 

226 . 34 

6222 . 00 

37.7? 

2473 , 3.2 

1000 

26 . 73 

-199,41 

220 . 24 

13?i . S3 

37 . 11 

234  ,  73 

’  —  —  - - 

■ - .  —  —  — 

— - - -  -  -  -  -  - 

—  — - — 

- - 

Eccogel  1365-30  Matrix  and  1365-25  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  witn  Tra-bond  2113  5soxy. 

Electrode  Eccogel  1365-0  *  Metz  fine  silver  powder  and  flake. 


ECCO  06 


O  326 .  94pf  KE= 
COMPA*  6 , 44c«2 


Cycle  01 

929.91  KC=  369.63  d33=  3S0pC/N  ELMA=  2.36cr»2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

d  h  q  h 

PSI 

Vrt/N 

db  re 
iV/uPa 

C/N 

«2/N 

C/N 

n2/'N 

30 

23.30 

-193.77 

.237.12 

6329 . 13 

94 . 26 

2714 . 66 

100 

29, 3S 

-193 , 46 

245 . 77 

7336. 17 

97 . 70 

2916 . 2.1 

300 

23.35 

-198 .91 

233.42 

6617 . 39 

*-*Q 

r  C.  .  '  7 

2630 .  19 

500 

28. 2S 

-193 . 94 

232.59 

6570 , 79 

92 . 46 

2611 . 96 

700 

26.99 

-199.33 

222.22 

5997 . 72 

38 . 34 

2334 . 1 6 

1000 

25.91 

-199.69 

213.33 

S327. 33 

84.30 

2197, 13 

C-  326 . 94pf  KE  =  929.91  KO  369.65  <133=  350pC/N  ELMA*  2.36c«2 

COMP A=  6.44cm2 


Qh 

y«/N 

30 . 29 
30 . 46 

29.30 
28.24 
2?  .  49 
26 . 73 


ELEMENT  A 

COMPOSITE  A 

Sens 

dh 

d  h  a  h 

dh 

U  h  q  1 

db  re 
10/uPa 

C/N 

«2/N 

C/N 

*2/ 

198.33 

249 , 3? 

7534 . 03 

99 . 1  4 

3002 . : 

198.23 

250 . 79 

7639 . 07 

99 , 69 

3036  . 

198.56 

242.39 

7163 . 14 

96  .  S3 

2848 , 1 

193 , 94 

232.31 

6566 .  14 

92 . 43 

2610  . 

■19?  .  13 
■199.41 


226.34  6222.00 

220.24  3391.33 


2473 , 32 
2341 . 93 


(PSD 


Ecco  07 


Cycle  01 


S4S.0Spf  !<E=  961.37  !<C=  332.36  d33=  230pC/N  ELMA=»  2.36c«2 

COMP  A*  6. 44c m2 


Sens 


ELEMENT  A 


dhqh 


COMPOSITE  A 
dh  dhqh 


V«/N 

db  re 
IV/uPn 

C/N 

«2/N 

C/N 

m2/N 

2S .  S7 

-199 . 30 

217.76 

SS68 . 23 

36. 37 

2213.47 

24. 7S 

-200 . 09 

210.73 

S2io . 33 

33 . 79 

2073 . 73 

22.99 

-200 . 73 

19S.71 

4497 . 34 

77.30 

1737.77 

22.  IS 

-201 . OS 

133.64 

4173 . 34 

74 . 99 

166  0.^6 

22.  IS 

-201  .  OS 

138 . 64 

4173 . 34 

74 . 99 

1660 . 96 

20.29 

-201 . 31 

172.30 

3S06 , 07 

63.69 

1393.72 

Cycle  05 


C  =  S40.63pf  KE-  934.07  KC*  379.26  d33*  2S0pC/N  ELMA*  2 . Socm2 

COMP A«  6.44cm2 


1365-0  Matrix  and  1365-45  . 
Machined  Safari  PZT  elemen- 
ole  filled  with  Tra-bond  Z 
e  Eccogel  1365.0  *  Metz  fii 


ECCO  08 


.C^a.Ol 


C*  527.47pf  KE=*  930. 3S  l<C=  370.03  d33=  363pC/N  ELMA-  2.56c*Z 

COMP  A*  6.44cn2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P  SI 

Vm/N 

db  re 
lY/uPa 

C/N 

*2/N 

C/N 

nZ/H 

30 

22.31 

-200 . 99 

133,37 

4102,21 

73 . 0? 

1630 . 71 

100 

23.32 

-200 , 60 

192.20 

4482 . OS 

76 . 40 

1731 , 70 

300 

21  .SI 

-201 . 31 

177.23 

3313 . 29 

70 . 47 

ISIS . 3S 

soo 

21.63 

-201.26 

173.27 

33SS . 96 

70 . 37 

1332 . 31 

700 

21.20 

-201 . 43 

174,73 

3704 . 17 

6?  .  46 

1472. 43 

1000 

20 . 98 

-201 . 52 

172.91 

3627.6? 

63 . 74 

1442.07 

Cycle  02 


C=  327 . 47pf  KE= 

930 .as 

KC-  370 . 03 

d33* 

363pC/N 

ELMA=  2.36c,n2 

COMPA-  6 

.  44C«2 

• 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

d  h  q  h 

P3I 

Vn/N 

db  re 

C/N 

«2/N 

C/N 

n  2  / 1 

• 

lV/uPa 

30 

2S  .  IS 

-199 . 94 

207 . S3 

S22S.S3 

32 . 30 

207'’ ,  23 

100 

23 . 13 

-19? . ?5 

207,28 

3213. 0? 

82 . 40 

2072. 30 

300 

22.27 

-201,00 

183.34 

4037.32 

72 . 96 

1624 . 36 

SOO 

21 . 4S 

-20 1 , 33 

176 . 79 

3772 ■ OS 

70 . 23 

1307.41 

700 

20 . 33 

-201 . 39 

171 . 63 

3376 . 00 

63 . 24 

1421 . S3 

• 

1000 

19 . 70 

-202 . 07 

162 . 36 

3173 . 34 

64 , 34 

1271 . 43 

Eccogel  1365- 

25  Matrix 

and  1365 

-45  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


ECCO  08 


PRESSURE  (PSD 


ecco  09 


Cycle  01 


i>  329.37pP  t<E  =  934.2  KC=  371.36  d33  =  330pC/N  ELMA*  2 , 36cm2 

CQMPA*  o.44cn2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

PSI 

Un/N 

db  re 
iU/uPl 

C/N 

30 

27,73 

-199 . 08 

229 . 78 

100 

23 . 31 

-198 . 92 

234.16 

300 

27 . 03 

-199 . 32 

223.74 

300 

26.33 

-199 . 48 

219 . 61 

700 

26.34 

-199 , 48 

219.  S2 

1000 

23.98 

-200 . 36 

193.33 

dhqh 

dh 

dhqh 

«2/N 

C/N 

n2/W 

6383 . 23 

91.34 

2837 , 46 

6629 .  17 

93  ,  03 

2633.20 

6082 • 21 

88 , 94 

2408.38 

3330 . 34 

o  /  .  j0 

2317.73 

3326 . 14 

37 . 26 

231S.99 

4736.39 

73 . 33 

1390 . 78 

Cycle  02 


C*  329,37pf  KE-  934.2  KC»  371.36  d33=  3S0pC/N  ELMA-  2.36c«2 

COMPAQ  6.44c«2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

PSI 

Vrt/N 

db  re 
IV/uPq 

C/N 

30 

23 . 39 

-198 . 90 

234 . 33 

too 

29 . 37 

-193.34 

244 , 3? 

300 

26.63 

- L99 . 44 

220 . 63 

300 

26 . 13 

-199 . 60 

216 . S3 

"00 

23.37 

-19? , 70 

213.98 

1000 

23. 16 

-19? . 94 

208  .  11 

J  h  a  h 

dh 

dhuh 

pi2/N 

C/N 

m2/N 

6666 ■ 69 

03  .  33 

2630 ,  12 

?232 , 3? 

97 , 23 

2373 , 00 

3337 . 77 

37  .  ~2 

2340 , 49 

366? .  1  6 

36  .  03 

2233 . 3 <3 

3333 • 70 

38 . 06 

2200 . 83 

3236 . 01 

32. 73 

2031.  .  40 

Eccogel  1365-45  Matrix  and  1365-45  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 

Electrode  Eccogel  1365-0  *  Metz  fine  silver  powder  and  flake. 


(PSD 


O  540  33o 
COMP  A*  a 

r  <  Z  ~ 

4  4C.n2 

934 , 42 

K  C=  37? , 4 

d33-  2 

6SpC/N  £L 

MA  —  2  .  CoCin2 

Praaj 

«  h 

S  •  » 

Sens 

ELEMENT  A 
dh  dhgh 

COMPOSITE  A 
d  h  d  h  a  h 

PSI 

V«/N 

db  re 

C/N 

*2/N 

C/N 

n2/V 

30 

25.  22 

1 U  /  u  P  a 
-199 , 92 

213. 12 

3374 , 39 

34 . 72 

2136.62 

100 

23.63 

-199 . 77 

217.01 

3372 . 74 

36 . 26 

2213.27 

300 

2S  .  45 

-199 , 35 

215.06 

3473 . 37 

35 . 4? 

2175 . 77 

S00 

2S .  46 

-199 . 34 

213. 15 

3477 . 67 

93.33 

04  *’•'  *  r*i 

til  /  /  .  T O 

700 

24 . 65 

-200 . 12 

203.30 

5134 , 67 

32 . 30 

2041 . 13 

1000 

23.90 

-200 , 39 

201.97 

4826 ■ 97 

30 . 29 

1913 . 31 

Cycle  02 


C»  340. 33p f 
COMPAQ  6. 

;<E  = 
44c  n2 

954 . 42 

K  C  —  379.4 

d33=  26 

SpC/N  ELMA*  2 , 36c«2 

ELEMENT  A 

COMPOSITE  A 

Press 

ah 

Sens 

dh 

dhqh 

dh 

dhah 

PSI 

On/N 

db  re 

C/N 

n2/N 

C/M 

*2/N 

1 V  /  a  P  a 

30 

26 . 39 

-199 . 46 

224 . 70 

39"4 , 6? 

3?  .  32 

2373 . 18 

100 

26 . 35 

-199 . 33 

226 . 3? 

6092 . 11 

90.1? 

2421 , -Z 

300 

23 . 36 

-199 . 71 

213,53 

3651 . 14 

86 . 87 

2248 . 44 

300 

25.64 

-199. 73 

216 . 67 

S3S3 . 40 

36.13 

220G . 33 

700 

24 . 62 

-200 .  13 

208.05 

5122  .  IS 

32  .  ^o 

20  ow 1  i  0 

1000 

23.33 

-200 . 42 

201,37 

4793 . 74 

30  ,  03 

190"’  . 

Eccogel  1365-30  Matrix  and  1 365-45  Jacket. 

16,  3-1  Machined  Safari  ^ZT  elements. 

Center  role  filled  with  Tra-oond  2113  Epoxy. 

Electrode  Eccogel  1  365-0  +•  Metz  £ine  sil'/e**  oowder  and  -lake. 
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UNCLASSIFIED 


F/G  17/1 


NL 


V  -  C96l  -  SOfcvQNViS  iO  n»3nna  1VN0UVN 

iavH0  is3x  Noumossa  AdODoaoiw 


(PSD 


ECCO  11 


Cycle  03 


C=*  886  .  I7p-f 
COMPA-  6. 

KE= 

44cm2 

1000.87 

KC«  621 , 

66  d33= 

325pC/N 

ELMA=  4c m2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

PSI 

Vrt/N 

db  re 

C/N 

m2/N 

C/N 

m2/N 

30 

25.21 

lV/uPa 

-199,93 

223.40 

5632.00 

138.76 

3498.13 

100 

26.75 

-199 . 41 

237.05 

6341 . 10 

147.24 

3933 . 38 

300 

25.61 

-199.79 

226.95 

3812. 14 

140 . 96 

3610 , 04 

500 

24.41 

-200.21 

216.31 

3230.23 

134.36 

3279 . 65 

700 

24.00 

-200.35 

212.66 

5104 , 34 

132.10 

3170 . 41 

1000 

22.52 

-200.91 

199.57 

4494 , 22 

123. 9S 

2791 . 43 

Cycle  04 

C»  886. 17pf  KE-*  1000.87 

COMPA-  6.44c m2 

KC*  621.66  d333  325pC/N  ELMA=  4cm2 

ELEMENT  A 

COMP  a 

SITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

dhah 

PSI 

Um/N 

db  re 
iV/uPa 

C/N 

m2/N 

C/N 

m2/N 

30 

29.17 

-193 . 66 

233.30 

7340.32 

160 . 36 

4683 . 44 

100 

27.33 

-199.22 

242.37 

6623 . 73 

130 . 34 

4117.25 

300 

23.44 

-179.35 

225.44 

3733.24 

140 . 03 

3362.27 

S00 

23.26 

-199.91 

223 , 33 

3634 . 37 

137 . 04 

3312.04 

700 

24.45 

-200 , 17 

216. 67 

3277.53 

13* . 58 

3290 .41 

1000 

22.31 

-200 .91 

179 . 48 

4470 . 23 

123.90 

2780 . 9— 

Eccogel  1365-0  Matrix  and  1365-25  Jacket. 

25,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


(PSD 


n 


Cycle  02 


O  374 .  ilp-f  KE*  987.25  KC=*  613.2  d33«  323pC/N  ELMA-  4cm 

COMPA-  6 . 44c«2 


ELEMENT  A 


Press 

ah 

Sens 

dh 

dhah 

PSI 

Vm/N 

db  re 
lU/uPa 

C/N 

«2/N 

30 

2?  .  19 

-198.65 

253, IS 

7447 . 92 

100 

29.39 

-193.45 

261.27 

7309 , 41 

300 

23.39 

-198.33 

249 .91 

7144 . 38 

500 

27.63 

-199 . 12 

241 . 95 

6697.29 

700 

26.37 

-199.34 

230.30 

6078 . 37 

1000 

25.63 

-199 . 77 

224 , 47 

5764 , 43 

COMPOSITE  A 
dh  dhah 

C/N  n2/M 


138.43 

162.23 

133 . 22 

130.23 
143.  17 


462  '..  ■  03 
4350 . 33 
4437 . 32 
4139 . 31 


(PSD 


ECCO  13 


Cycle  01 


C*  848.98pf  KE*  933.37  KCa  398,37  d33*  3S0pC/N  ELMA-  4c«2 

COMP A»  6.44c«2 


ELEMENT  A  COMPOSITE  A 


Press 

gh 

Sens 

dh 

dhah 

dh 

dhoh 

PSI 

V«/N 

db  re 
iV/uPa 

C/N 

rt2/N 

C/N 

«2/N 

30 

29 . 12 

-198,67 

247,22 

7199, 16 

133.35 

4471 .  s; 

100 

29,44 

-193.38 

249 , 94 

7353 . 26 

133,24 

4570 . 3: 

300 

28.33 

-198.35 

242.21 

6910 ,39 

130 . 44 

4292. 1< 

300 

27.89 

-199. OS 

236 . 73 

6603.34 

147, 07 

4101 . 7' 

700 

26.71 

-199,43 

226 . 76 

6056.35 

140 . 35 

3762.0 

1000 

26.33 

-199. S4 

223.71 

3894.63 

133. 9S 

3661 . 2 

Cycle  04 


C*  34'5.38pf  l<Ea  939.32  KCa  S9S .  S3  d33-  330pC/N  ELMA*  4 
COMPA«  6.44cn2 


ELEMENT  A 

COMPO 

SITE  A 

Pr  ess 

qh 

Sens 

dh 

dhqh 

dh 

dhql 

PSI 

Uri/N 

db  re 
lY/uPa 

C/N 

«2/N 

C/N 

«2/ 

30 

32.03 

-197.33 

272.06 

8713.99 

168 . 

5412. 

100 

30.67 

-193.22 

260 , 51 

7939 . 70 

161 . GO 

4962  . 

mWm 

28 . 95 

-198.73 

24S.90 

7113 , 69 

132 . 73 

4421 . 1 

EH 

27.97 

-199 , 02 

237.37 

6644 , 39 

147.36 

4127. 

ym tm 

27.44 

-199, 19 

233.07 

6395 . 45 

144 , 7 6 

3972.  : 

1000 

26.27 

-199,37 

223. 13 

3361 . 69 

133,39 

3640  . 

Eccogel  1365-45  Matrix  and  1365-45  Jacket. 

25,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-Bond  2113  epoxy. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


) 


o.i  jo  -o  m  ^  0--  i  i  £  i  t  *t  cm  " 

in  to  tv  o  OJ  i  j  >j  j  £  z  «t  m  n  ci  n  to 


(PSD 


c»  SSl.aap-f  KE  =  920.98  KC=  366.  i  033=  3l3pC/N  ELMA=  2.S6c«2 

COMP A-  6.44cn2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhah 

dh 

dhqh 

PSI 

Vrt/N 

db  re 
lV/uPn 

C/N 

«2/N 

C/N 

n2/U 

30 

2S.42 

-199.36 

207.2a 

3269. IS 

32.40 

2094.33 

100 

27.73 

-199.10 

226.12 

6270 , 32 

39 , 39 

2492 . 32 

300 

26.22 

-199.39 

213.31 

3606 . 03 

34 . 99 

2223 . 46 

300 

2S.33 

-199.38 

206.71 

3240 . 17 

32.17 

2033. 03 

700 

24.38 

-200  .  IS 

200.43 

4926,67 

79 . 67 

19S8. 41 

1000 

24.11 

-200.31 

196.60 

4740 . 06 

73.  IS 

1334.23 

Cycle  04 


C=  321 . S8pf 
COMP A-  6. 

KE= 

44C«2 

920.98 

KC*  366.1 

d33*  31 

3pC/N  ELMA=*  2 . 3oc«2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

dhah 

PSI 

y«/N 

db  re 

C/N 

n2/N 

C/M 

n2/N 

iY/uPa 

30 

27.68 

-199.12 

223.71 

6247.72 

39.72 

2483.34 

100 

27.30 

-199.03 

226 . 69 

6302. 01 

90.11 

2503 . 12 

300 

26.99 

-199.33 

220 . 09 

3940 . 12 

37 , 4? 

2361.27 

300 

26.41 

-199,32 

213.36 

S637 . 37 

33.61 

2260 . 37 

700 

24.  S9 

-200 . 14 

200  ,S2 

4930 . 68 

79.71 

I960 . 00 

1000 

24. 11 

-200.31 

196 . 60 

4740 . 06 

73. 13 

1384.23 

Eccogel  1365-25  *  30*  P.M.M.  (poly  methyl  methacrylate)  Matrix  and  1365-25  Jacket. 
16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 

Electrode  Eccogel  1365-0  *  Metz  fine  silver  powder  and  flake. 


(PSD 


ECCO  15 


Cycle  01 


O  337 . 32p  f 
|  COMP A-  6 . 

!<£- 

44cn2 

933.37 

KC*  390 . 97  d33*  26 

»3pC/N  ELMA-  2 . 36c«2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

!  P3I 

V«/N 

db  re 

C/N 

m2/N 

C/N 

n2/» 

t 

lV/uPa 

30 

23  ■  28 

-199.90 

220.11 

3364 , 30 

37.31 

2212.26 

100 

23.38 

-199 , 70 

223 . 33 

3331 . 36 

89,39 

2313.32 

300 

24.98 

-200 .01 

217.49 

3433. 02 

36 . 47 

2160 . 07 

SOO 

23.37 

-199 . 37 

220 , 39 

3603 . 99 

37.32 

2223. 04 

,  700 

26.12 

-199.62 

227.42 

3940 .22 

90 . 42 

2361.72 

• 

1000 

23.94 

-200.33 

208 . 44 

4990 . 03 

32.37 

1933.93 

Cycle  02 

1 

C*  337 . 32p f 

KE* 

933.37 

KC*  390.97  d33*  263pC/N  ELMA*  2 . 36c m2 

j  COM PA*  6. 

44cn2 

1 

ELEMENT  A 

COMPO 

31  1  C  m 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

|  P3I 

V«/N 

db  re 

C/N 

«2/M 

C/N 

«2/lM 

» 

lV/uPa 

30 

39.34 

-196 . 06 

342.32 

13474 . 39 

1 36 .  1 3 

3337 , 37 

100 

36 . 92 

-196 , 61 

321 . 4S 

11368 , 06 

127 . 30 

4713 . 33 

300 

29 . 97 

-198. 43 

260 . 94 

7320 . 42 

103.^3 

3109.26 

300 

26.33 

-199 . 48 

230 . 99 

6128 .  17 

91 . 34 

2436 . 43 

700 

24 . 36 

-200 . 03 

216,43 

3380 . 93 

36 . 06 

2139 . 37 

. 

1000 

22.36 

-200 . 73 

199 . 0  4 

4349 . 97 

79.13 

130G  .  9*? 

Eccogel  1365-25  *  40%  M.M.  (micro  ballons)  Matrix  and  1365-25  Jacket. 
16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-Bond  2113  eDoxy. 

Electrode  Eccogel  1365-0  *■  Metz  fine  silver  powder  and  flake. 


(PSD 


ECCO  15 


Cycle  01 


C»  99 . 37pf 
COMP A*  6 

K  S'3 
.  44c/i2 

iii.34  KC- 

69  ,  13 

d33-  1 7  0  p  C  / 

N  ELMA 

=  4c  *2 

Pr*ss 

qh 

Sens 

ELEMENT  A 
dh  dhah 

COMPOSITE  A 
dh  dhah 

P3I 

Ym/N 

db  r« 

C/N 

«2/N 

C/N 

«2/W 

30 

31 . 72 

1'J/uPa 

-197.93 

31 . 27 

991 . 88 

19 . 42 

616.02 

100 

36 . 36 

-196.73 

33.34 

1303 . 23 

22.26 

307 , 43 

300 

33.66 

-176 . 92 

33.  IS 

1233.38 

21 . 33 

773 . So 

300 

34.98 

-197 . 03 

34 , 48 

1206.23 

21 . 42 

747 . 13 

700 

33.24 

-197.02 

34 . 74 

1224,23 

21  .  S3 

760. 33 

iOOO 

33.26 

-197, 01 

34 . 76 

122S . 62 

21 . 37 

761 . 20 

Cycle 

02 

C®  98 . S7pf  KE=  111.34 

COMP  A*  6.44cr»2 

KC®  69. 

IS  d33  =  19QpC/N  ELMA®  4Cii2 

ELEMENT  A 

COMPOSITE  A 

Prass 

ah 

3«*ns 

dh 

dhah 

dh 

d  h  a  h 

PSI 

Yn/N 

db  re 
lY/uPa 

C/N 

rt2/N 

C/N 

,«i2/N 

30 

36 . 67 

- 1 96 . 67 

36 . 1 3 

1 323 . 60 

22 , 43 

S23 . 2” 

100 

36 . 79 

-176 . 64 

36.27 

1334 . 27 

22 . 32 

320 . 6® 

300 

34 . 74 

-177. 14 

34 , 2S 

1137 ,74 

21.27 

73o . ^ i 

300 

36. 13 

-176.30 

33 . 62 

1236 . 33 

22  .  12 

77°  22 

700 

33 . 62 

-196.92 

33.11 

1230 . 77 

21  .  SI 

— '  r> 

■  2>  ■  OC 

1000 

34  .  S7 

-177 , 13 

34 . 08 

1173 .  12 

21  .  17 

/  ^  L  • 

Eccogel  1365-25  Matrix  and  1365-45  Jacket. 

25,  1-3  SEN  1 3mi 1  PZT  rod  elements. 

Electrode  Eccogel  '365-0  *  Metz  fine  silver  oowder  and  flake. 


ECCO  17 


n 


Cycle  01 


C*  94 . 3pf 

KE=*  1 

06.73  l<C= 

66 . 29 

d33-  132pC/N 

ELMA* 

4cm2 

i 

CCMPA-  6 

44  cm2 

ELEMENT  A 

COMPOSITE  A 

i 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

P3I 

Vm/N 

db  re 

lV/u Pa 

C/N 

«2/N 

C/N 

m2/N 

30 

23.73 

-198 . 79 

27,  IS 

730 . 00 

16 . 36 

484 , 46 

too 

36.43 

-196.73 

34 , 43 

12S4 . 14 

21 . 33 

778 , 94 

300 

34,47 

-197.21 

32.  S7 

1122.32 

20 . 23 

697.28 

» 

soo 

3S.70 

-196.91 

33.74 

1204 , 33 

20 . 95 

748 . 04 

700 

3S.  03 

-197. 07 

33.10 

1139.39 

20 . 36 

720.22 

1000 

34.36 

-197.24 

32.47 

111S . 66 

20 . 17 

692 . 94 

Cycle  02 

i 

O  94.3pf 

i<E*  106.73  KC* 

66.29 

tJ33»  !32pC/N 

ELMA= 

4c  «2 

» 

COMPA*  6 

44cn2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

Jhah 

dh 

dhah 

r 

PSI 

U«/N 

db  re 
iV/uPa 

C/N 

m2/N 

C/N 

nC/M 

30 

3S.  ?4 

-196. 3S 

33.96 

1220 . 62 

21 . 09 

733 . i 3 

100 

36.27 

-196.77 

34.27 

1243. 14 

21 . 29 

r*nn  < 

f  t  w  .  1  — 

300 

33.81 

-197,33 

31 ,9S 

1080 , 23 

l?  .  34 

670 . 93 

SOO 

34.62 

-197 . 17 

32,72 

1132 . 61 

20 , 32 

703 . 46 

» 

700 

34 . 04 

-197.32 

32,17 

1094 , 93 

19 . 93 

630 . 0<? 

1000 

33.63 

-197 . 41 

31 .33 

1071 , 94 

19 , 77 

663  .  “’3 

► 


V  V-V-  .  .v 

'  aw'  k^l  V. 


Eccogel  1365-45  Matrix  and  1365-45  Jacket. 

25,  1-3  REN  18mil  PZT  rod  elements. 

Electrode  Eccogel  1365-0  +■  Metz  fine  silver  powder  and  flake. 


(PSJ) 


ECCO  18 


Cycle  01 


C*  33? . 54pf 
COMPA*  6. 

;<E* 

44c«2 

333.4? 

KC*  238 . 19 

d33*  2 

08pC/N  ELMA*  4Crt2 

Pres* 

qh 

Sen* 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

PSI 

Vm/N 

db  re 

C/N 

*2/N 

C/N 

*2/N 

30 

20 . 03 

iy/uPa 
-201 . ?0 

68.18 

1369 . 06 

42 . 35 

350.34 

100 

13.33 

-203.97 

S3. 75 

850 . 35 

33.38 

323 . 48 

300 

17. 44 

-203.13 

39.22 

1032.73 

36 . 78 

641 . 44 

300 

17.63 

-203.03 

39 . 36 

10S3. 35 

37. 13 

633.4? 

700 

17.46 

-203.12 

59.23 

1033. 10 

36.82 

642.91 

1000 

16.61 

-203.53 

36.40 

936.77 

33. 03 

381 . 34 

Cycle  02 

Ca  339 . S4pf 
COMPA*  6. 

KE* 

44c«2 

333.49  K C*  238.19  d33=  2 

08pC/N  ELM A*  4c *2 

ELEMENT  A 

COMPOS 

ITE  A 

Pres* 

qh 

Sens 

dh 

dhah 

dh 

d  h  u  h 

PSI 

y«/N 

db  re 

C/N 

m2/'N 

C/N 

n2/M 

lV/uPa 

30 

19.96 

-201.96 

67.77 

1332.74 

42 . 09 

340 . 20 

100 

13.17 

-202.77 

61.69 

1120 . 99 

33 . 32 

696.26 

300 

16 . 54 

-203.3? 

36.16 

?2S ■ 3? 

34 . 33 

376 . 94 

300 

16 . 56 

-203. S3 

36 . 23 

931.14 

34 . 92 

373.34 

700 

13.30 

-203 . 99 

33.65 

347 . 63 

33 . 32 

326 . 47 

1000 

16 . 90 

-203.40 

37.33 

969. 77 

33,64 

602 . 33 

Eccogel  1365-25  Matrix  and  1365-45  Jacket. 

25,  3-3  3uros 

Electrode  Eccogel  1365-0  *  Metz  fine  silver  powder  and  flake. 


(PSD 


ECCO  19 


Cycle  01 


C*  367. 9pf 
COMPA-  6. 

KE» 
i  44c n2 

41S.47  !<C 

a  2S8. 03 

033*  2: 

LSpC/N  ELMA-  4cm2 

ELEMENT  A 

COMPOSITE  A 

Pre»s 

gh 

Sens 

dh 

dhoh 

dh 

dhgh 

PSI 

V«/N 

db  re 

C/N 

ii2/N 

C/N 

n  2/U 

lY/uPa 

30 

19.33 

-202. 14 

71 , 92 

1403 , 96 

44 . 67 

373 . 33 

100 

17.32 

-202.94 

63 . 33 

1163 .  14 

40 , 72 

723 , 62 

300 

17.40 

-203.13 

64.01 

1113.72 

39.76 

691.32 

300 

17.38 

-203.06 

64,67 

1136 . 39 

40  .  17 

706.21 

700 

16.96 

-203.37 

62.39 

1033 . 11 

38.73 

637.27 

1000 

16.73 

-203.49 

61 . 34 

1029.61 

33.23 

639.37 

Cycle  02 


C*  367 . 9pf  KE* 

COMPA-  6.44c«2 

413.47  KC* 

2S 8.03 

d33=  2lSpC 

/N  ELM A 

i=  4cii2 

Press  qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
d  h  dhqh 

PSI  Vm/N 

db  re 

C/N 

*2/N 

C/N 

«2/N 

30  19.17 

IV/uPa 

-202.31 

70.32 

1351 . 33 

43 . 3  0 

33^ . 73 

100  13.33 

-202.67 

67.61 

1242.71 

42.0  0 

771 . 94 

300  16.73 

-203.46 

6 1 . 73 

1035 , 77 

33,34 

643 . 40 

S00  17.30 

-203. 10 

64,37 

1126 . 56 

39 , 99 

69? , 

700  16.73 

-203 . 46 

61.73 

1035.77 

38 , 34 

643. 40 

1000  16.54 

-203. S9 

60 , 34 

1006. 35 

37 , 79 

623 , 12 

Eccogel  1365-45  Matrix  and  1365-45  Jacket. 

25,  3-3  Burps. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


(PSD 


rutA  £U 


Cycle  01 


O  342pf 
COMP A»  a 

KE»  936 
. 44c«2 

.49  KC» 

380,22 

d33*  42 Op C/N  ELMA* 

>  2 . 36o*»2 

ELEMENT  A 

COMPOSITE  A 

Pr«»* 

qh 

Sene 

dh 

dhah 

dh 

dhqh 

PSI 

Vn/N 

db  re 

C/N 

n2/N 

C/N 

n2/H 

lV/uPa 

too 

24.  S4 

-200 . 16 

207.82 

3099 . 99 

32.61 

2027.33 

300 

26.37 

-199.47 

223.02 

3978.65 

39 . 45 

2376.61 

400 

21 . 14 

-201 . 46 

179 . 03 

3734 . 69 

71 . 17 

1304 . 47 

300 

24.98 

-200 . 01 

211.33 

5234.31 

34 . 09 

2100 . 63 

300 

20.99 

-201.32 

177.76 

3731 . 17 

70 . 66 

1483.20 

1000 

20.99 

-201 . 52 

177.76 

3731 , 17 

70 . 66 

1483.20 

Flexane  #60  Matrix  and  #30  Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  *  45%  VME  carbon  fiber. 


FLEX  20 


PRESSURE  (PSD 


FLEX  21 


Cycle  01 


C»  473.7p-F  K£*  333.96  KC*  332.31  d33*  4Q0pC/N  ELMA»  2.36cm2 

COMPA-  6. 44c m2 


ELEMENT  A  COMPOSITE  A 


Press 

gh 

Sens 

dh 

dhah 

dh 

dhqh 

P3I 

Vm/N 

db  re 

iV/uPa 

C/N 

m2/N 

C/N 

m2/M 

100 

11.40 

-206.32 

34.33 

961 , 91 

33.34 

332.35 

Flexane  #30  Matrix  and  #30  Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  +  45%  VMS  carbon  fiber. 


(PSI) 


FLEX  22 


Cycle  01 

C*  337. 6pf  KG>  948.72  KC=  377.13  d33  =  420pC/N  ELMA*  2.36c«2 

COMPA*  6.44c*2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

P3I 

L»«/N 

db  re 
lV/u Pn 

C/N 

n2/N 

C/N 

/w2/M 

100 

11.63 

-206,61 

98,11 

114S . 94 

3?  .  00 

433.33 

300 

12.23 

-206.21 

102.73 

1236 . 41 

40 . 34 

499. 44 

300 

11.00 

-207.13 

92.40 

1016.40 

36 . 73 

404 . 03 

300 

10 . 74 

-207.34 

90.22 

968 , 92 

33.36 

333. 16 

1000 

9.30 

-208.3? 

73.12 

726. Si 

31 . 03 

288.80 

l 


Cycle  02 


C»  337.SP-F 
COMPA*  6, 

KE= 

.  44c n2 

948.72  l<  C3 

377.13 

d33*  42 

OpC/N  ELMA*  2.S6cn2 

Press 

qh 

Sens 

ELEMENT  A 
d  h  dhqh 

COMPOS 

dh 

ITE  A 
dhqh 

pS- 

Yrt/N 

db  re 

C/N 

«2/N 

C/N 

nZ/'i 

100 

13.76 

iV/uP*i 
-SOS. 1? 

113.33 

1390 , 43 

43 . 93 

■ 

w  JL  . 

300 

11.46 

-206 . 78 

96 . 26 

1103.13 

33 . 27 

438 . 33 

300 

11  .  46 

-206.78 

96.26 

1103.13 

33 . 27 

438 . 33 

300 

11 . 4S 

-206.78 

96.  13 

1101.26 

33 . 23 

4  xj  /  .  /  ' 

1000 

11.43 

-206.78 

96.18 

1101.26 

38 . 23 

43?  .  ?’T 

Flexane  #60  Matrix  and  #30  jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  +  455  VME  Carbon  fiber. 


(PSD 


FLEX  .3 


Cycle  01 


C*  S23 . 6p f 
COMPA*  6 

KE  = 

.  44cm2 

924.02  KC  = 

Prs  ss 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

PSI 

y«/N 

db  re 

C/N 

*2/N 

C/N 

«2/M 

100 

22.93 

lV/uPn 
-200 . 73 

188.01 

4320 . 37 

/  4  .  /  ^ 

1717. 40 

300 

16 . 34 

-203.43 

137.77 

2320 , 09 

34 . 77 

922 . 27 

300 

13.30 

-204.26 

123.17 

1913.13 

49 . 76 

761 . 30 

300 

13.77 

-203. 13 

112 . 66 

1331 . 27 

44.73 

616.65 

1000 

13.76 

-203.19 

112.57 

1349 . 02 

44 . 73 

613 . 76 

Cycle  16 

C*  3 I3pf 
COMPAQ  6 

KE*  908.34  l<C=  361.23  d33=  400pC/ 

.  44cm2 

N  ELMA» 

2 . 36c  m2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

d  h  q  h 

PSI 

Vrt/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

1 V  /  u  P  a 

50 

19 . 13 

-202.30 

i 54 , 34 

2960 , 22 

61 . 33 

1176  "4 

100 

IS. 33 

-203.97 

127.38 

2016 . 46 

SO  .  64 

301 . 33 

200 

11 . 90 

-206 . 45 

95.76 

1139.32 

35. 07 

452 . 93 

300 

3.34 

-209 . 33 

63 . 72 

536 . 37 

27 . 32 

233 . 2? 

600 

3 . 90 

-208 . 97 

71 , 62 

637.39 

23 , 47 

253 . 37 

1000 

7.33 

-210 . 37 

61.00 

462 , 34 

24 . 25 

I Oo  ,  /  - 

Flexane  #60 

foamed 

Matrix  and 

^30  Jacket. 

15,  3-1  Extruded  Safari  ?ZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  *  <15X  VME  carbon  fiber. 


(PSD 


FLEX  24 


Cycle  01 


1 

C*  473. 2pf 

KE  = 

343.7  KC  = 

333 . 46 

d33*  330pC/N  ELMA 

*  2 . 36c rt2 

COMP A*  6 

.  44c«2 

H 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhoh 

dh 

dhgh 

PSI 

Un/N 

db  re 
iY/uPa 

C/N 

«2/N 

C/N 

«2/N 

100 

27.77 

-177 . 03 

207.64 

57~2  42 

32,34 

2273.81 

300 

13.20 

-204.32 

113.37 

1726 . 31 

4S  .  13 

636 . 23 

r~ 

300 

13.40 

-204.21 

113.07 

1772.03 

4S  .  74 

704.40 

fc 

300 

12.31 

-206. IS 

71 . 73 

1132.26 

36 . 36 

430 . 07 

• 

4  0  0  0 

12.31 

-206. IS 

71 , 73 

1132.26 

36 . 36 

4S0 . 07 

i 

' 

Flexane  #30 

foamed 

Matrix  and  #30 

Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  +  45X  VME  carbon  fiber. 


i 


» 


I 


(PSD 


FLEX  25 


Cycle  01 


O  540 . 32pf 
C0MPA»  a. 

!<E  = 
44cn2 

9S4 . 41 

KC  =  379.39 

d33* 

370pC/N  1 

ELMA=  2.36c*, 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P3I 

U«/N 

db  re 

C/N 

n2/N 

C/N 

«2/N 

IV/uPa 

too 

17. 19 

-203.25 

14S.26 

2497 . 04 

37 . 74 

992.61 

300 

10.31 

-207.69 

37. 12 

398 , 24 

34 . 63 

357.06 

300 

10.31 

-207.69 

37.12 

S9S , 24 

34 , 63 

337. 06 

300 

10.30 

-207.70 

37.04 

896 . 30 

34.60 

356 . 37 

1000 

10.30 

-207.70 

37.04 

896. SO 

34 . 60 

336.37 

Cycle  17 


O  334. 6pf  KE=*  943.43  KC=  373.03  d33-»  370pC/N  ELMA=*  2.36c*2 

C0MPA»  6.44c*2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P  SI 

Vn/N 

db  re 
iV/uPa 

C/N 

«2/N 

C/N 

«2/N 

50 

13 . 63 

-202.53 

1 56 . 04 

2914 . 76 

62 . 03 

1153 . 67 

100 

11  .  S3 

-206.71 

96 . 48 

1114,33 

33.33 

442. 9*7 

200 

3.41 

-209 . 46 

70.25 

390 ,30 

27 , 93 

234 , S3 

300 

9.51 

-203.40 

79 . 44 

733.46 

31 . 53 

300.31 

600 

11  .  13 

-207.01 

93.14 

1038. 48 

37, 02 

412. Cl 

1000 

3.30 

-209 . sa 

69 . 33 

573 , 43 

27.36 

223 . -3 

Flexane  #60  unbonded  Matrix  and  #30  Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  wood.  • 

Electrode  Flexane  #30  +•  45%  V ME  carbon  fiber. 


(PSD 


■  470  p  f 
COMP A*  6 

XE*  329 
,  44c«2 

.43  KC= 

329.71 

d 33*  36GpC/N 

ELMA* 

2  .  S6c«2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhah 

COMPOSITE  A 
dh  dhgh 

PSI 

Vm/N 

db  re 

C/N 

»2/  N 

C/N 

n2/N 

LOO 

Li  .37 

iV/yPa 

-206.6? 

34 . 97 

933.07 

33.78 

390 . 79 

300 

13.39 

-203.10 

102.01 

1416 . 3S 

40 . 33 

363 . 22 

300 

13.39 

-203. 10 

102.01 

1416 ■ 33 

40  .  S3 

363.22 

300 

12.34 

-206. 13 

90 . 62 

1113 . 28 

36. 02 

444 . 33 

L  0  0  0 

9.34 

-208.10 

72.26 

711 . 07 

28.73 

232 . 66 

Cycle  27 


»  470 pf  KE*  329.43  KC*  329.71  d33»  360pC/N  ELMA*  2.36c«2 

COMPA*  6.44 c*2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhgh 

dh 

dhgh 

PSI 

Ym/N 

db  re 
lY/uPa 

C/N 

«2/N 

C/N 

«2/W 

30 

13 . 44 

-20S.39 

78 . 70 

1326 ■ 33 

39,23 

jc/  .  j<: 

100 

?.  S3 

-203.33 

70 . 33 

673 . ?9 

27.97 

267.92 

200 

3. 16 

-209.72 

3?  ,  93 

4SS  .  99 

23  ■  32 

194 . 33 

300 

6.79 

-211.32 

49 . 36 

333 . 33 

17.32 

134 . 3? 

60  0 

S  .  72 

-212.31 

42.01 

240 .23 

16 . 70 

93 .31 

1000 

6 . 64 

-211 . 32 

43 , 76 

323 . 73 

19 . 33 

123 . 71 

Flexane  #30  +•  40%  M.8.  (micro  ballons)  Matrix  and  #30  Jacket. 
16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax.  v 

Electrode  Flexane  #30  +  45%  VME  carbon  fiber. 


(PSJ) 


FLEX  27 


Cycle  01 

• 

- 

C-  422 .  Q6pf 

KE  = 

744.83 

KC-  296.08 

d  33=  34 Op C/N 

ELMA=  2 . 36cm2 

• 

- 

COMP A-  6. 

44cm2 

ELEMENT  A 

COMPOSITE  A 

- 

1 

Press 

ah 

Sens 

dh 

dhah 

dh 

dhqh 

• 

PSI 

Vm/N 

db  re 

C/M 

rt2/N 

C/N 

«2/N 

W/uPa 

30 

4.90 

-214.13 

32,31 

158 . 34 

12. 3S 

62.94 

i  00 

29.11 

-193 . 68 

191 . 97 

5508 . 32 

76.31 

2221 . 43 

> 

200 

23.49 

-199.33 

168.10 

4284 . 36 

66. 32 

1703.29 

• 

300 

13.62 

-203.28 

39.32 

1223 . 35 

33.70 

436 . 30 

• 

400 

6.46 

-211.73 

42.60 

275,21 

16.93 

109.40 

300 

14.02 

-203.02 

92.46 

1296 . 26 

36.73 

313.28 

- 

600 

14.01 

-20S. 03 

92.39 

1294 , 41 

36,73 

314.53 

700 

11.32 

-206.73 

73.97 

373 . 19 

30.20 

347.90 

800 

11  .  02 

-207.12 

72.67 

800,37 

28 . 39 

318 . 36 

1 

1000 

10.27 

-207.73 

67.73 

695.36 

26 . 92 

276.30 

» 

» 

1 

•'  ■*, 

Cycle  03 

■> 

C-  422 . 06pf 

KE» 

744 . 83 

KC-  296.08 

d33=  340pC/N  ELMA=  2.56cm2 

COMP A*  6. 

44cm2 

1 

.  •  mm 

• 

ELEMENT  A 

COMPOSITE  A 

. 

Press 

ah 

Sens 

dh 

dhqh 

dh 

dhah 

PSI 

drt/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

W/uPa 

> 

100 

13. 17 

-203.57 

36 . 83 

1143  .  S3 

34 , 33 

454 , 6? 

. 

200 

9.34 

-203.37 

62.91 

600 , 20 

23.01 

233.39 

-  * 

300 

8.03 

-209.84 

33 , 09 

427 , 33 

2.1  .  10 

169 , 38 

.  - .  - 

400 

6.32 

-211 . 23 

44 . 73 

306.74 

17.88 

121 . 93 

*v* 

-  T 

300 

8,31 

-209 , 06 

38.10 

311. 36 

23 . 10 

203 . 47 

•  " 

600 

6.61 

-•211.33 

43.39 

238.14 

17 . 33 

114 . 34 

» 

700 

6.22 

-212. 03 

41  .  02 

255 . 1 4 

16.31 

101. 42 

800 

6.34 

-211 . 63 

43.13 

232 . 07 

17,14 

112.13 

- 

1000 

7.01 

-211 . 04 

46 . 23 

324 , 07 

13.38 

•  '”>> 

1  O  .  O  u. 

• 

■ 

-  '  -•  . 

*  -  * 

.  *  • 

'  .*  . ' 

‘  /  "  _*  *  »  _•  "4- 

-•  v.v 

V  *  ■  .*  V 

-  ^ 

I 


r 


Cycle  C6 


C»  422.06pf  .<£=» 

COMPA»  o.44c«2 

744 . 33 

K C3  296.03 

d33» 

340pC/N 

ELMA»  2 . SoCrt 

ELEMENT  A 

COMPOSITE  A 

Press  oh 

Sens 

dh 

dhqh 

dh 

dhgh 

P3I  Vfi/N 

db  re 

C/N 

*2/N 

C/N 

*2/N 

1V/uP<1 

100  11.92 

-206 . 43 

73 .61 

937.02 

31 . 23 

372 . 48 

1  000  3.60 

-213. 00 

36.93 

206 . 31 

14 , 63 

32.21 

Corepreen  Matrix  and  Flexane  #30  Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  fiber  frax. 

Electrode  Flexane  #30  +  452  VME  carbon  fiber. 


V  .-,.j 


(PSD 


FLEX  23 

< 

< 

1 

Cycle  01 

C3  480 . 36p f 

KE-*  348.39 

K C-3  337 . 33 

d33=  360pC/N  ELMA=  2.36c<*»2 

• 

COMP A-  6. 

44cri2 

■ 

1 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

dhqh 

- 

PSI 

V«/N 

db  re 
iy/uPa 

C/N 

«2/N 

C/N 

ei2/N 

1 

2S 

IS. 31 

-204.13 

116.53 

1807,43 

46.32 

718.49 

too 

13.41 

-203.41 

100.75 

1331 . 12 

40  .  OS 

337.10 

200 

11.79 

-206. S3 

38.58 

1044 . 40 

33.21 

415. 17 

300 

12. 2S 

-206.20 

92 . 04 

1127 , 48 

36.39 

443 . 19 

400 

13.  aa 

-20S.il 

104.29 

1447 , 49 

41 . 46 

373.40 

S00 

11.01 

-207. 12 

32 . 72 

910 . 73 

32.33 

362.03 

600 

3.93 

-208.94 

67. 09 

399 . 16 

26 . 67 

233. 13  . 

700 

9.  as 

-208.09 

74.01 

728 . 97 

29.42 

239 . 73 

aoo 

10.29 

-207.71 

77.31 

795.35 

30.73 

316.23 

1000 

9.91 

-208.04 

74.46 

737 . 38 

29.6  0 

293.32 

: 

> 

m 

Cycle  04 

—  -  m 

1 

C*  430 . 36of 

!<E= 

»  348.59 

KC*  337.33 

d33=  360pC/N  ELMA-  2 . 36c«2 

-  - - 

COMP A-  6. 

44cm2 

ELEMENT  A 

COMPOS 

ITE  A 

•  •« 

■ 

^495 

qh 

Sens 

dh 

dhah 

dh 

dhah 

PSI 

U«/N 

db  re 
lV/vPa 

C/N 

«2/N 

C/N 

«2/X! 

« 

130 

12.33 

-205 . 79 

96 . 40 

1236.73 

33 . 32 

491 . 64 

i  000 

3.32 

-209.36 

62.31 

320 , 10 

24.33 

206 . 73 

> 

Flexane  #60 

Matri  x 

and  #30  Jacket. 

’6,  3-1  Extruded  Safari  ?ll  elements. 

Center  hole 

fi 1 1 ed 

with  fiber 

frax. 

'• ;  •  v- 

► 

► 

Electrode  bonded  silver  wire. 

’  - 

► 

-----  _  -  w.  •-  V.  1 

;C 

FLEX  28 


(N/wA^OI*)46 


PRESSURE  (PSD 


>  lli 


r 


FLEX  29 


Cycle  01 


C  =  333 . 64p f 

l<E  = 

632 . 91 

i<C=  231 . 3? 

d33=  36 

0pC/N  ELMA=  2 . 36c m2 

• 

COMP  A*  6. 

44cm2 

ELEMENT  A 

COMPOSITE  A 

Press 

dh 

Sens 

dh 

dhcth 

dh 

d  h  a  h 

• 

PSI 

U«/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

i  y  /  u  P  a 

r- 

37 . 76 

-196.42 

211.60 

7989 . 98 

34.11 

3176.  12 

100 

40 . 39 

-193.73 

229 . 14 

9369 ,  43 

91  .  09 

3724 . 49 

200 

13.73 

-202.48 

103.24 

197a . 39 

41,33 

733.64 

300 

1  4  .  S4 

-204.71 

31 . 48 

1134 , 71 

32 . 39 

470,94 

• 

400 

12. 9S 

-203.71 

72,37 

939 , 77 

23 . 33 

373.37 

SOO 

11.83 

-206.43 

66 , 40 

736 . 90 

26 . 40 

312.30 

a  0  0 

10 .31 

-207,33 

33 . 90 

613 , 99 

23 . 41 

246 . 06 

700 

13.26 

-203.51 

74 . 31 

933 . 3Q 

29 . 34 

391 . 67 

300 

10  .  17 

-207.31 

36 , 99 

379 , 39 

22 . 6S 

230 . 40 

1000 

3.29 

-209. S9 

46 . 46 

335 . 12 

13 . 47 

133. 09 

• 

-  —  - 

• 

- *1 

Cycle  03 

‘ 

C*  338 • a4p  f 

KE  = 

632.91 

KC»  231.39 

cl 33=  36 0p C/N  ELMA*  2.36c«2 

COMPA*  a. 

44c  m2 

v  • 

• 

ELEMENT  A 

COMPOS 

ITE  h 

?  i"  *4  5  i 

gh 

Sens 

dh 

d  h  a  h 

dh 

J  h  Q  l"i 

PSI 

Vm/N 

db  re 

C/N 

rt2/N 

C/N 

«2/N 

iV/uPa 

• 

1  0  0 

14.7(0 

-204 , 61 

.  OO 

1210 . 92 

-J  .  z 

43 i  .  36 

1000 

?  .  47 

-203 . 43 

33 . 07 

o  i—  t— 

3u c  , :: 

21.10 

199  .  — 

Hexane  *30  +•  55S  M.3.  Matrix  and  *30  Jacket. 
16,  3-1  Extruded  Safari  PZT  elements. 


renter  nole  filled  with  fiber  frax. 


lectrode  Hexane  *30  ±5%  7ME  carbon  fiber. 


(PSD 


FLEX  30 


O  S04.32pf  KE3 
COMPA®  6 ■ 44c«2 


_ CjfCleJJJ _ _________ 

39  0 . aS  !k  C  3  330  i  t  j  d  a  a3  >j 3 0 p C  /  N  ELM  A®  2 . 3  6c  m2 


Pr« 33  qh 
PSI  V«/N 


2S 

100 

200 

300 

400 

SOO 

600 

700 

300 

1000 


16.33 
17.  as 
21 . 43 
19.46 
14.  S7 
11  .  19 
11.32 
12.27 
9.32 
9.21 


3<*ns 
db  re 
iU/uPq 
-203,67 
-202.93 
-201.32 
-202.18 
-204.69 
-206.93 
-206,38 
-206.13 
-208.12 
-208.67 


ELEMENT  A 
dh  dhqh 

C/N  m2/N 


129 , 13 
140 . 71 
169 . 33 
133.41 
114.36 

aa.  21 

39.24 

96.73 

77.41 

72.60 


2113.09 
2311 . 7S 
3637.21 
2933 . 29 
1673 , 43 
937. 10 
1010.17 
1136.33 
760 . 19 
663 . 63 


COMPOSITE  A 
dh  dhah 

C/N  m2/N 


31.33 
33.94 
67.31 
60 . 93 
4S.66 
33. 07 
33.47 
33. 4S 
30 . 77 
28 . 36 


340 . 7Q 
993 . 47 
144S . 36 
1136. 7Q 
66S . 24 
392 . 39 
401.36 
471 , 79 
302. 19 
263.31 


C*  304 , 32p-f  ;<E3  390.33  K  C®  333.93  d33~  380pC/N  ELMA=  2,36cm2 

COMPA®  6 . 44 cm2 


Pr  t»s> 

qh 

Sen  s 

dh 

PSI 

Vm/N 

db  re 
iV/uPq 

C/N 

30 

20 . 39 

-201 .36 

164 . 63 

100 

1 6 . 36 

-203.63 

123 . 97 

200 

10.96 

-207 . 16 

36 . 40 

300 

12 . 74 

-203 . 36 

100.43 

600 

1 0 . 33 

-207 .31 

33 . 0  1 

1000 

9 . 22 

-208 . 66 

72 . 68 

ELEMENT  A 
h  dhah 

/N  n2/N 


COMPOSITE  A 
d  h  dhah 

C/N  «2.'U 


3440  , 

IS 

-  r“ 

O  3  . 

46 

1367. 

ep 

2109 

.  92 

31 

.  27 

333 

9  16  . 

94 

34 

-• 

w  O 

j76  . 

a  2 

1279 

.  30 

39 

92 

303  . 

>  C3 

374  , 

09 

JJ  . 

00 

34”  . 

*♦  / 

670 

.  13 

23  . 

,  39 

266 

Flexane  *30  *  40"  9.M.M.  (Poly  methyl  methacrylate)  Matrix  and  *30  Jacket. 
16,  3-1  Extruded  Safari  ?ZT  elements. 

Center  hole  filled  with  fiber  f>-ax. 

Electrode  Flexane  r30  *  45"  V ME  carbon  fiber. 


u4r"-- 


(PSD 


FLEX  31 


Cycle _01 


C»  363 . 6pf 
COMP A-  6 

KE  = 

,  44cn2 

736.93  KC 

=  253. S3 

d33=  424pC 

:/N  ELM  A-  2 . 2c«2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

dhah 

PSI 

Vm/N 

db  re 

C/N 

n2/N 

C/N 

«2/W 

iV/uPa 

0 

26.30 

-199. So 

176.26 

4635.61 

60 . 21 

1533 . 60 

100 

33.33 

-197. SO 

223 . 37 

744S  .  02 

76.31 

2543.34 

300 

25 .  S3 

-199,32 

171 .10 

4363 . 1 4 

S3 . 4S 

1492 . 23 

600 

23.33 

-200 . 60 

156.35 

3647 . 75 

33.41 

1246 . 12 

1000. 

19.21 

-202.29 

123.74 

2473.15 

43 . 98 

344 . 37 

_ CycleJJ) _ 

:*  363. 6pf  KE=  736.93  KC-  2S3 . SS  d33=  424pC/N  ELMA^  2.2cn2 
COMPA-  6.44C«2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhah 

dh 

dhah 

PSI 

Vfi/N 

db  re 
lV/uPa 

C/N 

r»2/N 

C/N 

n2/N 

0 

32.61 

-197 . 69 

213.35 

7126 . 34 

7 4 . 66 

2434  65 

100 

26 . 93 

-199 . 33 

130 . 43 

4So0 . 33 

61  .  66 

1 66  0.33 

300 

23 . 02 

-200 . 72 

154.23 

3331 , 45 

52  ,  -'ll 

1213.24 

600 

13. 16 

-202 . 73 

121 .71 

2210 . 13 

41 . 53 

r>  ”7 

/  3  ^  .  Uw 

1000 

15.35 

-203.96 

106.22 

1633 . 66 

36  29 

J  /  J  .  i  • 

Flexane  #30  +  40%  P.M.M.M  Matrix  md  #30  Jacket. 
4,  3-1  Machined  Safari  PZT  3ars. 

Center  hole  filled  with  Spurrs  Epoxy. 

Electrode  FI exane  #30  +  45%  VME  carbon  fiber. 


(PSD 


FLEX  32 


_ Cyde_QJ _ 

C*  400, ?pf  KE  =  767,44  KC=  231.24  d33=  333pC/N  ELMA*  2.36c«2 

COMP A*  6 . 44cpi2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P3I 

Vm/N 

db  re 
iV/uPa 

C/N 

«2/N 

C/N 

«2/N 

0 

34.70 

-193.20 

371 . 63 

20330 . 99 

136.21 

7450 .60 

100 

31 . 00 

-193.31 

346 . 34 

17673.37 

127. 00 

6476.73 

30  Q 

31 .30 

-193 , 03 

212 , 63 

6656 , 91 

77,94 

2439 . 33 

600 

36 . 30 

-196 . 76 

246 . 66 

3933.39 

90 , 39 

3231 . 13 

1000 

31.,  30 

-198 . 05 

212.63 

6656 . 91 

77 , 94 

2439.33 

Cycle  04 


C*  400 . 9pf 
COMPA-  6 

K  E® 

.  44c«2 

767.44  KC 

=  231.24 

d  33=  33 

3p C/N  ELMA*  2. 36c *2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

PSI 

U<w/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

0 

33 . 30 

lY/uPa 
-197 , 00 

239.36 

5467 . 07 

37 , 90 

3102 . 39 

100 

41 . 30 

-193.60 

231 . 99 

11702.34 

103 , 34 

4283 . 37 

200 

31 . 00 

-193.13 

210.64 

6329 , 91 

77.19 

2392 . 99 

300 

30.20 

-193.36 

203.21 

6197.23 

73.2  0 

2271 . 07 

400 

30 ,90 

-198. 16 

209,96 

6437 . 33 

76 . 94 

^  ^  ^ 

iJ// ■ 3/ 

600 

31 . 30 

-193. 03 

212 . 63 

6636 . 91 

77 . 94 

2439 , 33 

300 

25.40 

-199 , 36 

172 , S9 

4333 , 31 

63 , 25 

1 6  0  6 . 5  L 

1000 

30 . 20 

-193.36 

203 . 21 

6197,23 

73 . 20 

2271 , 0" 

Hexane  #30  *■  40%  ?. M.M.  Matrix  and  #30  Jacket. 
16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Spurrs  Epoxy. 

Electrode  Flexane  #30  45%  VME  carbon  fiber. 


(PSD 


FLEX  33 


Cycle  01 


C*  480  ,  I3pf 

KE  = 

347.3  KC- 

336 . 32 

d33—  34 

2pC/N  ELM A »  2 . 36crt2 

COMP A*  6. 

44c«2 

ELEMENT  A 

COMPOS 

ITE  A 

Pres  s 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

PSI 

V«/N 

db  re 
IV/uPa 

C/N 

«2/N 

C/N 

n2/N 

a 

2S.  03 

-199 . 99 

137,77 

4700 . 01 

74 . 64 

1363 . 33 

100 

17.71 

-202.99 

132.36 

2332.96 

32.31 

933 . 33 

300 

10 .2S 

-207 . 74 

76 . 90 

733.13 

30 . 37 

313 . 32 

600 

10  .  10 

-207.37 

73.77 

763 . 23 

30  .  12 

304.21 

1000 

9 . 24 

-208.63 

69.32 

640 . 30 

27.36 

234.61 

_ Cycle, 13 _ 

C*  480.i3pf  i<E=  347,3  l<C=  336.82  d33  =  342pC/N  ELMA=  2 . 36cn2 

CQMPA-  6 . 44cn2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vn/N 

db  re 
iY/uPa 

C/N 

m2/N 

C/N 

«2/N 

0 

13.37 

-202 . 44 

141 .36 

2671 . 29 

36 . 27 

1061 . 3° 

100 

13.30 

-203.48 

99.73 

1327. 03 

39 . 66 

327 . 32 

300 

12.33 

-206 . 14 

92.30 

1140.32 

36 . 77 

433.33 

600 

11 . 33 

-206 . 30 

38 , 73 

1049 , 90 

33.23 

417 . 36 

10  0  0 

12. 12 

-206.29 

90.92 

1102.00 

36.14 

433  .  O'7 

Flexane  #30  *  10%  M.3 .  Matrix  and  #30  Jacket. 
16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 
Electrode  Flexane  #30  +  15%  VME  carbon  fiber. 


(PSD 


FLEX  34. 


Cycle  01 

C*  396. opf  KE  =  699.9  KC=  273.22  d33*  276pC/N  ELMA 

COMPA*  6.44cn2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

y«/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

iV/uPa 

0 

29.21 

-198. 6S 

181.01 

3207,36 

71 . 93 

2101.00 

100 

21.97 

-201 . 12 

136. IS 

2991 . 13 

34,  12 

113? . 02 

300 

11.74 

-206.37 

72.73 

334 . 11 

23 . 92 

339.32 

600 

12.99 

-20S, 69 

30,30 

1043 . 67 

32. 00 

413.67 

to  00 

11.39 

-206.63 

71.82 

332 , 42 

28.  S3 

330 . 90 

Cycle  13 


C*  396. 6pf  KE=»  699.9  KC=  273.22  d33*  276pC/N  ELMA*  2.3oc«2 

COMPA*  6.44c«2 


ELEMENT  A 

COMPOSITE  A 

Sens 

dh 

dhqh 

dh 

d  h  a  h 

db  re 

C/N 

«2/N 

C/N 

«2/N 

1  Y/uPq 

203.07 

103.32 

1910 , 34 

43,26 

7*39 , 7 7 

204.67 

90 . 34 

1322.74 

33.  ?? 

323 ',31 

207. 07 

63 . 66 

760 . 77 

27 . 29 

302 . 42 

206 . 36 

72 . 31 

333.36 

23 . 94 

340.10 

207.34 

63 . 07 

633.21 

O  / 

■v?  i  qo 

Flexane  #60  foamed  Matrix  and  #30  Jacket. 

16,  3-1  Extruded  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 
Electrode  Flexane  #30  +■  45%  VME  carbon  fiber 


(PSD 


Cycle  01 


C  *  333 . 3p  f 
COMP A*  6 

Kc- 
.  44c«2 

977,31  !<C  = 

338 . 3 

d33=  313pC/N  ELMA=  2.S6cn2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

V«/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

lU/gPa 

3  0 

21.39 

-201.27 

136.32 

4033 . 43 

74 . 26 

1603 . 38 

ioo 

20 . 34 

-201 . 79 

176. 00 

3379, 92 

6?  .  97 

1423. 09 

300 

19 . 13 

-202.32 

163.71 

3173.29 

63 . 37 

1261 . 44 

300 

16*  33 

-203 . S7 

143.47 

2373 , 71 

S7 . 03 

943.38 

900 

16.41 

-203 . 66 

142.00 

2330 . 13 

36 . 4S 

926.29 

1000 

14 . 96 

-204.46 

129. 4S 

1936.33 

Si  .  46 

769 . 33 

Cycle -04 


C»  333. 3pf 
COMP  A*  6, 

!<E= 

.  44c. “»2 

977.31  !<C 

*  383.  S 

d33»  313pC/N  ELMA 

*  2.56c«2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 

J h  dhqh 

PSI 

Vn/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

30 

23.33 

IV/uPa 
-200 .39 

202 , 03 

4717 . 37 

3  0 . 32 

1373 . 44 

100 

21 . 33 

-201 . 28 

136 . 73 

4029 , 72 

74 . 23 

1601 . 39 

300 

13.03 

-202.34 

136 . 02 

2312 . 96 

62 . 02 

1113.21 

300 

20 . 43 

-201 . 7S 

176 . 73 

3611, 67 

70 , 27 

<  < 

,  ■  L 

300 

13.90 

-202 , 43 

i 63 . 34 

3090 . 97 

63.01 

12^3 . 77 

1000 

13 . 90 

-202.43 

163 . 34 

3090 , 97 

63.01 

\  'inn 

Hexane  #60  Matrix  and  #30  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  nole  filled  with  Tra-bond  2113  epoxy. 
Electrode  rlexane  #30  +  45*  '/ME  carbon  fiber. 


(PSD 


FLEX  36 


i 


opf  !<E=  <561.08  !<C=  382.04  d33=  363pC/N  ELMA=  2.36cm2 

*=•  6 , 44cn2 


ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vm/N 

db  re 
iV/u Pa 

C/N 

*2/N 

C/N 

«2/» 

30 

14.23 

-204.86 

121 . 51 

1735 , 22 

48 . 30 

689  .  J'7 

100 

12.26 

-206. 19 

104,33 

1279 , 03 

41  .  47 

SOS . 42 

300 

9.31 

-208, 13 

33.43 

313 . 91 

33 . 1 3 

325 . 53 

S00 

9.36 

-203 , 03 

33.90 

827.28 

33 . 35 

323 . 35 

300 

9 . 31 

-203. 13- 

83.48 

313 ,91 

33 . 1 8 

325 . 53 

1000 

11.66 

-206 . 62 

99.22 

1156 . 90 

3?  .  4  4 

459.83 

Cycle  04 


C *  544  .  op f 

KE- 

961.08  KC* 

382. 04 

d33*  36Sp C/N  ELMA 

a  2 . Sic m2 

» 

COMPA-  6 

.  44c«2 

ELEMENT  A 

COMPOSITE  A 

i 

Press 

Qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vm/N 

db  re 
lV/uPa 

C/N 

«2/N 

C/N 

*2/W 

30 

14.74 

-204 , S9 

125 , 43 

1S48 , 32 

4<5 . 36 

734 , 93 

100 

13.91 

-205. 09 

113.37 

1646 . 47 

47  ,  05 

634 , 4* 

300 

12 . 76 

-205.34 

108.58 

1385 , 48 

43  .  16 

330  .  -4 

500 

12.21 

-206.22 

103.90 

12.63, 62 

41 . 30 

304 . 29 

300 

11  .  07 

-207 . 08 

94 , 20 

1042 . 73 

37. 4S 

414,32 

1000 

12. 07 

-206 . 32 

102.71 

1239 , 69 

40 . 

492 . 7'* 

Flexane  #30 

Matrix  and  #30  Jacket. 

16,  3-1  Machined  Safari  ?ZT  elements. 

Center  hole  filled  with  Tra-bond  2113  eooxy. 
Electrode  Flexane  #30  *  45”  7ME  carbon  fiber. 


> 


(PSD 


2 . jocm2 


Cycle  01 


C»  333.  S pf 
COMP A*  6 

KE= 

.  44cm2 

941.49  KC 

=  374.26 

d33*  365pC/N  ELMA*  2.36cm2 

Prass 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

P  SI 

Vm/N 

db  re 

C/N 

«2/N 

C/N 

«2/N 

30 

29 . 29 

IU/uPa 

-193.62 

244. 16 

7131 . 43 

97 . 06 

2342 . 34 

100 

23.21 

-200.63 

193.43 

4490 . 61 

76.91 

1733. 10 

300 

17.32 

-<603  ,A 9 

144.33 

2300 . 64 

37.39 

9*4 . 03 

300 

13.03 

-204*42 

123.29 

1333 .  10 

49 , 30 

743 . 37 

300 

17.33 

-203 . 16 

144.33 

2S17.99 

37.39 

1000 . °3 

1000 

14 . 96 

-204 , 4* 

124 . 71 

1363'.  60 

49 . 37 

741 . 61 

« 


» 


Cycle  04 

C*  S33 . Spf 
COMPA*  6. 

K£  = 
44cn2 

941.49  KC 

*  374.26 

d  33-*  363pC/N  ELM  A3  2  ■  2  6  c  r  2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P3I 

Vn/N 

db  re 

C/N 

n2/N 

C/N 

«2/N 

iV/uPa 

30 

22.32 

-200.79 

190 . 23 

4340 . 97 

73,62 

1 723 . 62 

100 

23.66 

-200 . 43 

197.23 

4666 . 43 

73 , 40 

1334 . 

300 

21.21 

-201 . 43 

176.31 

3730 . 03 

70 . 23 

14*0 . 71 

300 

13.09 

-202.31 

130 . 30 

2727 . 92 

39 , 94 

1034 , 40 

300 

17 . 30 

-202.93 

148 . 33 

2641 . 16 

33.98 

1049.91 

1000 

16 . 36 

-203.33 

133 , 04 

2236 . 00 

34 . 37 

903 . 73 

4 


'I 


Flexane  #30  *  35S  P.M.M.  Matrix  and  #30  Jacket. 
16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 
Electrode  Flexane  #30  +■  45"  '/ME  carbon  fiber. 


(PSD 


FL£X  38 


_ Cyc1e_01 _ 

C*  S33 , 2pf  KE-=  949,78  !<C  =  377,38  d33=  313pC/N  ELMA=*  2.36cm2 

COMP  A*  6.44c*2 


ELEMENT  A  COMPOSITE  A 


Press 

ah 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vm/N 

db  re 

i'J/uPa 

C/N 

«2/N 

C/N 

«2/H 

30 

2S.  47 

-199 . 34 

214. 19 

34S3.32 

33,14 

2163 . 36 

100 

22.  S3 

-200 . 90 

139 . 63 

4276. 13 

?S .  33 

1699 . 34 

300 

23. 7S 

-199,73 

216 . 79 

33S8.93 

36 . 13 

2221.67 

300 

16.37 

-203.37 

139,34 

2303 , 91 

33 , 39 

917.32 

300 

19.16 

-202.31 

161 , 12 

3037, 12 

64.  OS 

1227 . 17 

1000 

13.13 

-204,33 

127.63 

1937,79' 

SO  .74 

770 . 30 

Cycle  04 


C*  338. 2pf 

KE= 

949.78  KC»  377,33 

d33*  31 

3pC/N  ELMA«  2 . 36c m2 

COMP A»  6. 

44cm2 

ELEMENT  A 

COMPC 

SITE  A 

Press 

qh 

Sens 

dh 

dhah 

dh 

dliuh 

PSI 

Vrt/N 

db  re 

C/N 

,i2/N 

C/N 

«2/N 

IV/uPo 

30 

22. 02 

-201.10 

133. 17 

4077 , S3 

73,61 

1620 • 39 

100 

21 . 03 

-201 . 43 

177.27 

3736 . 33 

70 . 47 

1433 . 44 

300 

17.33 

-203. 17 

143.90 

2331 . 40 

33.00 

1006,27 

300 

17,11 

-203,29 

143.38 

2461 . 36 

37.20 

993 , 62 

300 

17.63 

-203 . 03 

148.26 

2613 . 77 

33.93 

1039 . 0  1 

1000 

22.43 

-200 . 93 

133 . 79 

4233 , 33 

93 . 03 

1634  ,  "7? 

Hexane  #30  * 

40%  P.M 

.M.  Matrix 

and  #30  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  egoxy. 
Electrode  Eccocoat  V E  silver  loaded. 


(PSD 


FLEX  39 


Cycle  01 


C  -  S36 . 7p  f 
COMP A-  6 

KE= 

■  44c*2 

947.14  KC 

-  376.3 

J33-*  31 3pC/N  £LMA=  2.36c,w2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

y«/N 

db  re 

C/N 

*2/N 

C/N 

«2/» 

iV/uPa 

30 

43.70 

-195 , 13 

366 . 47 

16014 . 62 

145,63 

6366 . 0  1 

100 

37. 07 

-196 . 33 

310.37 

11323.03 

123 . 37 

4580 . 39 

300 

26.09 

-199 . 63 

213.79 

S703 . 24 

36 , 97 

2269 . 09 

500 

21.36 

-201 . 17 

133.32 

4007.32 

72.37 

1392.96 

300 

21 . 03 

-201 . 48 

176.73 

3726.45 

•70.27 

1481 . 31 

1000 

17.76 

-202.97 

143,93 

2645. 03 

39 . 20 

1051 . 43 

Cycle  04 

O  336 .  7pf  !<E*  947.14  !<C  =  376 .  S  d33*  3l3pC/N  £LMA=  2.3ocm2 

COMP A*  6.44c«2 


ELEMENT  A 

COMPOSITE  A 

Pr  ess 

qh 

Sens 

dh 

dhqh 

dh 

dhah 

PSI 

Vm/N 

db  re 

C/N 

*2/N 

C/M 

«2/N 

iV/uPa 

30 

44 . 69 

-194 , 95 

374 . 77 

16748 . 44 

146.98 

665'’ .  "2 

100 

38.39 

-196,27 

321 . 94 

12339 .  19 

127 . 97 

4912 , 93 

300 

24,33 

-200 .24 

204 . 03 

4964 , 07 

31.10 

19?3 . 23 

300 

22.13 

-201 . OS 

133 . 75 

4114.33 

73 . 34 

1633 .31 

300 

21.01 

-201.31 

176.  19 

3701.74 

"0  ,  04 

1471.49 

1000 

16.53 

-203.53 

133.7'? 

2296 . 94 

33.17 

913  .  06 

Flexane  #30  *  55%  M.3.  Matrix  and  #30  Jacket. 

16,  3-1  Machined  Safari  PZT  elements. 

Center  hole  filled  with  Tra-bond  2113  epoxy. 
Electrode  Flexane  #30  +•  45*  VME  carbon  fiber. 


(PSD 


FLEX  40 


_ .GyclsJU _ 

C*  341. 4pf  !<£»  933.43  KC»  379.3  d33=  263pC/N  £LMA»  2.56cn2 

COMP A*  6.44c«2 


(PSD 


FLEX  41 


» 


Cycle  01 


C=  Si . 26pf 

K  E= 

143.4  KC= 

230pC/N 

ELMA®  2. 

36  cm2 

compa®  6 

,  44c«2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vm/N 

db  re 
iV/uPa 

C/N 

m2/N 

C/N 

m2/N 

100 

37.32 

-196. S2 

47.33 

1768 . 37 

18 . 33 

702 . 91 

300 

36.70 

-196.67 

46 . 60 

1710 . 10 

13.32 

679 . 73 

300 

36 .61 

-196.69 

46 . 48 

1701.72 

13 . 48 

676.42 

800 

4i  .  2S 

-193.63 

32.37 

2160 . 41 

20 . 32 

358 . 74 

i  0  0  0 

39.39 

-196.01 

30.27 

1990 . 03 

19.98 

791 . 02 

Cycle  39 


C=  80pf 
COMP A®  6 

KE=  141 , 
. 44cm2 

.18  KC=  56. 

,  12  d33 

=  230pC/N 

ELMA®  2 . 56cm2 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhqh 

COMPOSITE  A 
dh  dhqh 

PSI 

Vm/N 

db  re 

C/N 

«2/N 

C/N 

m2/W 

100 

36 . 07 

iV/uPa 

-196.82 

43.09 

1626.32 

17 . 92 

646 . 47 

300 

33.39 

-196.27 

47 . 99 

1342.23 

19.  03 

732 . 31 

600 

33 . 1 6 

-197.53 

41.45 

1374 , 49 

i  6 . 48 

346 . 37 

1000 

40 . 71 

-193,76 

30 , 3? 

2071 . 64 

20 , 23 

323 , 49 

O  63.1pP  KE3  iii.36  K  C-  44.27  d33*  230pC/N  ELMA=  2 . S6c*2 

COMPA-  6.44c«2 


ELEMENT  A  COMPOSITE  A 


Prass 

qh 

3«*ns 

dh 

dhqh 

dh 

dhqh 

P3I 

V«/N 

db  re 

1 U  /  u  P  a 

C/N 

«2/N 

C/N 

«2/N 

30 

32. 12 

-197.32 

31.67 

1017.23 

12.  S? 

404 . 3? 

100 

31.37 

-197.39 

31 . 42 

1001.46 

12. 49 

393 . 12 

300 

33.61 

-197.43 

33 , 14 

1113 . 30 

13 . 17 

442 . "3 

SOO 

30.  S3 

-193.26 

30.10 

919 , 01 

11.97 

36S. 34 

300 

31.36 

-193.03 

30,92 

969 , 66 

12.29 

335 • 43 

1000 

31 .9S 

-197.37 

31  .SO 

1006. 49 

12 . 32 

400.12 

Flexane  #60  Matrix  and  #30  Jacket. 

16,  1-3  REN  1 2mi 1  PZT  rod  elements. 

Electrode  Hexane  #30  +•  452  VME  carbon  fiber. 


ci  m  in  <= 


(PSD 


Lyci_e_  uj. 


C»  36 . 02pf 
COMP A*  6 

KE= 

,  44c  m2 

131.3  KC- 

60 . 34 

d 33*  2 0  0 p C/ 

N  ELMA* 

r*  /  .  .  n 

u  .  souiic 

Press 

qh 

Sens 

ELEMENT  A 
dh  dhah 

COMPOS 

dh 

t  'T*  r-  A 

ilc  n 

d  1 1  g  h 

P3I 

Ym/N 

db  re 

C/N 

,i2/N 

C/N 

*2/N 

10  0 

32  .  S3 

1 1 )  /  u  P  a 
-197.63 

44 . 12 

1448 . 62 

17 . 34 

377 . 32 

300 

29 , 27 

-193.63 

3?  ,  34 

1131 ■ 48 

IS  .  64 

437 . 7 i 

30  0 

32 . 49 

-197.72 

43 . 67 

1413.77 

17 . 36 

363 . ?S 

800 

26 . 43 

-199.52 

-r  r—  r*  75 

3  o  .  oc 

938 . 87 

14.12 

373 . 20 

1000 

26 . 37 

-199 . 34 

33 . 44 

934 , 61 

14.09 

371 . 31 

Cycle  30 

C  -  33 . 3p-F  KE  =  147 

COMPA*  6 • 44c m2 

KC=  33.44  d33*  20 OoC/N  ELMA=  2.36cn2 

P  r  ess 

dh 

Sens 

ELE 

dh 

MENT  A 
d  h  a  h 

COMPOS  I 

dh 

^  A 

1  C  1 

d  h  <i  n 

PSI 

Vm/N 

db  re 

C/N 

*2/N 

C/N 

*  2.  “i 

30 

9 . 20 

W/uPa 
-208 . 68 

11.97 

i  1  0  .  16 

4  76 

4.:  oo 

100 

9.36 

-203. S3 

12  .  13 

114.03 

4.34 

43 . 23 

200 

10  .  04 

-207 , 92 

13.07 

131.20 

3.19 

32  .  lo 

300 

3 . 70 

-209 .  17 

11.32 

93  .  Si 

4  .  S  0 

ry  * 

600 

9  ',8 

-200.24 

12 . 60 

121 . 96 

3  01 

4  0  4  0 

1000 

9 . 63 

-203 . 24 

12 . 60 

121 ■ 96 

S  .  01 

4  0  .  *3 

F’exane  *60  Matrix  and  *30  Jacket. 

16,  1-3  REN  13mil  RZ"  mad  elements. 

Electrode  Flexane  *30  -  45*  7ME  carton  *i ber . 


(PSD 


C^  38 . 3pf 
COMP A*  6 

KE-  : 
,  44c«2 

LS3.S3  KC= 

61.94 

d33=  22SpC/N 

ELMA= 

2 . 36c  m2 

ELEMENT  A 

COMPOSITE  A 

Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

P3I 

Um/N 

db  rs 

C/N 

«2/N 

C/N 

«2/N 

lV/uPa 

a 

96.90 

-133,23 

133.69 

12933 . 02 

33.14 

S 1 49 . 42 

ioa 

63.20 

-191 . 94 

37 , 20 

3310 . 93 

34 . 66 

2190 , 31 

300 

37,00 

-196.39 

31 . 03 

1388 , 34 

20 . 29 

730 . 73 

600 

33.  SO 

-196 . 2S 

33,12 

2043 , 0® 

21,11 

312.3'? 

10  0  0 

37.20 

-196. S3 

31.33 

1909,31 

20 . 40 

733 . 92 

Cycle  04 


O  88. 3pf 
COMPAQ  6, 

KE- 
,  44c  m2 

133.33  KC- 

61 . 94 

c!33=  22SpC/N 

ELMA= 

2 . 56cm2 

Press 

qh 

Sens 

ELEMENT  A 
d h  dhqh 

COMPOSITE  A 
d  h  dhqh 

PS  I 

Vm/N 

db  re 

C/N 

mC/N 

C/N 

m2/W 

0 

49 . 70 

lV/uPa 
-194 . 03 

68 . 37 

3408 . 03 

27 . 26 

1334 . 64 

100 

43 . 30 

-194 . 34 

62 , 30 

283 1.31 

24 . 34 

1123 . 40 

200 

43.00 

-194 , 39 

62, 09 

2793 , 93 

2  4 . 68 

1110.34 

300 

33.40 

-196 . 98 

48 , 34 

1729 . 01 

19,41 

687.23 

400 

37.00 

-196.3? 

31 , 03 

1338 , 34 

20,29 

730.72 

600 

37.0  0 

-196 , 39 

31  .  03 

1833 . 34 

20 . 29 

730 . "3 

300 

37.7  0 

-196 . 43 

32 . 02 

1960 . 93 

20 . 63 

"7? . 46 

1000 

31 . 40 

-173 . 02 

43 . 32 

1 360 . 33 

1 7  22 

340  -2 

Hexane  *30  +  40%  P.M.M.  Matrix  and  *30  Jacket. 
16,  1-3  REN  IBnil  PZT  rod  elements. 

Electrode  Hexane  *30  +  45%  VME  carbon  fiber. 


(PSD 


C*  317  .  62pf  !<E«  723.45  KC-  373.37  d33=  339pC/N  £LMA=  4cm2 

COMPA»  6 . 44c«2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Vn/N 

db  re 
IV/uPa 

C/N 

«2/N 

C/N 

n2/N 

30 

3. 13 

-20? . 76 

66 . 47 

340 , 42 

41 , 2? 

335.67 

100 

6 . 46 

-211.73 

32.32 

341.21 

32.31 

211.73 

300 

2.  14 

-22 1 . 33 

17 , 30 

37 . 44 

10.37 

^  f 

•  40 

300 

3.23 

-217.64 

26 . 32 

37 . 76 

16.66 

34.64 

700 

3 . 77 

-216.43 

30.32 

116.21 

19 . 13 

72.13 

1000 

4.32 

-214 . 36 

36 . 96 

167.04 

22.75 

103.73 

Cycle  03 

C»  3l3.13pf  KE»  718.33  KC=  370.42  d33»  339pC/N  ELMA=»  4C*2 

COMPA*  6.44c*2 


ELEMENT  A  COMPOSITE  A 


Press 

qh 

Sens 

dh 

dhqh 

dh 

dhqh 

PSI 

Y«/N 

db  re 
tV./uPa 

C/N 

,i2/N 

C/N 

r>2/N 

30 

3 . 05 

-20?  .  34 

63 . 46 

326 . 93 

4 0 . 66 

327 . 23 

100 

6.39 

-211 . 1? 

36 . 02 

336 . 0  1 

34.30 

237 . "6 

300 

S.  77 

-212.74 

46 , 92 

270 . 72 

27.14 

i 6G . 13 

300 

3 . 16 

-213.71 

41 . 76 

216 . 30 

26.06 

134 , 4- 

7G0 

4 . 60 

-214.70 

37.40 

172 . 06 

23 . 23 

106.37 

1000 

4 . 35 

-214 . 24 

3?  .  44 

l?i . 27 

24  ,  4? 

113 , 30 

Eccogel  1365-45  Matrix  and  1365-45  Jacket. 

25,  3-1  Machined  Safari  PZT  elements. 

Center  hole  -  open. 

Electrode  Eccogel  1365-0  +  Metz  fine  silver  powder  and  flake. 


(PSD 


APPENDIX  B 


Materials  Suppliers 


Material 

Supplier 

PZT  501A 

Ultrasonic  Powders,  Inc. 

2383  S.  Clinton  Ave. 

South  Plainfield,  NJ  07080 

Gelvatol 

20-30  PVA 

Monsanto  Co. 

St.  Louis,  MO 

Litharge  (PbO) 

Hammond  Lead  Products 

10  S.  Grosstown  Rod. 
Pottstown,  PA  19464 

7095  Silver 

Frit 

DuPont  Electrode  Matls.  Div. 

306  Bank  of  Delaware 
Wilmington,  DE  19898 

Zirconia  (ZrOj) 

Harshaw  Chemical  Co. 

1945  East  97th  St. 
Cleveland,  OH  44106 

RP-1774  Epoxy 

REN  Plastics 

5656  S.  Cedar  St. 

Lansing,  MI  48909 

IG-25 

Microballoons 

Emerson  and  Cummings,  Inc. 

Canton,  MA  02021 

E-Solder  #3021 

ACME  Chem.  and  Insul.  Co. 

Div.  Allied  Prod.  Corp. 

New  Haven,  CT  06505 

Flexane 

Polyurethanes 

Devcon  Corp. 

Danvers,  MA  01923 

Eccogel  Epoxies 

Emerson  and  Cummings,  Inc. 

Canton,  MA  02021 

Metz  Ag  Powder 
1-200 

Metz  #16 
AG-Plate 

Metz  M.M.  Corp. 

3900  S.  Clinton  Ave. 

S.  Plainfield.  NJ  07080 

VME  Carbon 
Fibers 

Union  Carbide,  Inc. 

120  S.  Riverside  Plaza 
Chicago,  IL 

Poly  Methyl 

Methacrylate 

(PMM) 

Polysciences,  Inc. 

Warrington,  PA  18976 

SPURR 

(Low  Viscosity 
Epoxy  Bedding 
Kit) 

Polysciences,  Inc. 

Warrington,  PA  18976 

Trabond  2113 
Epoxy 

Tra  Con 

55  North  St. 

Medford,  MA  02155 

APPENDIX  C 
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IKE  INCORPORATION  OF  RIGID  COMPOSITES  INTO  A  CONFORMAL 
HYDROPHONE 


W.  SCHULZE,  G.  DAYTON,  D.  LAUBSCHER,  L.  WEBSTER,  E.  BIBEAU, 

R.  MILLER,  B.J.  KEARNS,  S.R.  BRENNEMAN,  D.  CROSS,  M.  KAUN, 

A.  MARTHAS ILP A,  B.  JONES,  A.  SAFARI,  T.  5KROUT,  S.-Y.  LYNN, 

R.  WILSON  Ain)  J.  BIGGERS 

Materials  Research  Laboratory,  The  Pennsylvania  State 
University,  University  Park,  PA  16S02 

Abstract  During  che  past  five  years,  numerous  composite  con¬ 
figurations  have  been  analysed  for  hydrostacic  transducer 
application.  Although  some  of  these  composite  configurations 
have  been  flexible,  a  configuration  with  good  sensitivity  and 
mechanical  durability  has  not  bee  produced.  The  need  for  a 
sheec  or  mac,  large  area  transducer  chat  will  conform  to  che 
hull  of  a  ship  has  led  to  che  incorporation  of  small  rigid 
composite  elemencs  into  a  macrocomposlce.  The  goals  sec  for 
che  conformal  transducer  were  sensitivity  greater  chan  -200 
dB  re  1  V/uPa,  operacion  Co  at  least  7  MPa,  maximum  frequency 
of  100  Hz,  conforming  to  a  0.10  m  radius  and  a  hydrophone  sec¬ 
tion  of  at  least  0.01  m^. 

In  che  study  three  types  of  rigid  composites  are  used  co 
determine  che  effect  of  compliant  hinge  material  and  flexible 
electrodes  on  che  hydrostatic  sensicivicy.  Typical  response 
of  a  1-3  rod  composite  in  flexible  form  is  a  sensicivicy  of 
-193  dB  re  1  V/uPa,  with  a  capacitance  of  14  uf  per  m-  and 
only  2  dB  degradation  when  operating  at  7  :iPa. 


INTRODUCTION 

During  che  past  five  years  che  Ferroics  Group  ac  che  Materials 
Research  Laboratory  of  The  Pennsylvania  Stace  University  has  theo¬ 
retically  and  practically  explored  che  use  of  polymer/ceramic  compo¬ 
sites  as  hydrostatic  pressure  sensors^-.  Advances  in  che  design  of 
these  composites  have  made  chem  inceresting  candidaces  co  replace 
traditional  cube  and  spiiere  based  hydrophones  for  applications  that 
cover  large  areas  and  require  comf ormabilicv .  A  piezoelectric  com¬ 
posite  approaches  che  problem  of  che  low  hydrostatic  sensicivicy  in 
PZT  (lead  zirconace  ticanace)  in  a  manner  similar  co  chat  used  in 
existing  hydrophones.  3och  devices  increase  hydrostatic  sensicivicy 
by  decoupling  che  longitudinal  and  transverse  stresses. 

Although  PZT  has  large  piezoelectric  charge  coefficient  d33 
and  d3]_  (3  is  che  poling  direction),  che  hydrostatic  charge  coeffi¬ 
cient  (dh),  which  is  che  sum  of  d33+2d3]_  is  low.  This  is  because 
133  is  opposite  in  sign  co  d 3 and  equal  co  slightly  more  chan 
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evict  lea  magnitude.  Ia  4  properly  designed  composite,  le  should 
be (possible  co  decouple  che  d33  cotnponeae  from  d3i,  enhancing  d^ 
wn^le  scill  maintaining  a  3crong  monolithic  device.  Work  vich 
composiee  hydrophones  material  has  demons  crated  che  additional 
advantages  of  low  density,  low  permieciviey ,  ehe  possibility  of 
increased  resistance  eo  mechanical  3hock  and  also  ehe  possibility 
of  fabrication  in  flexible  form. 

DESCRIPTION  OF  HYDROPHONE 

Our  goal  was  eo  prepare  erlal  hydrophones  that  were  conformable 
and  had  a  moderate  area  of  100  cm^.  Evaluation  of  ehe  various  one, 
evo  or  three  dimensionally  connected  ?ZT  networks  has  indicated  chat 
most  truly  flexible  materials  are  noc  physically  stable  with  pres¬ 
sure  cycling  and  have  properties  chat  continually  change  vich 
flexural  cycling.  For  this  reason  ehe  flexible  composite  trans¬ 
ducers  were  limited  to  solid  materials  that  are  hinged  co  make  a 
flexible  sheec  or  a  composite-composite.  These  hydrophones  were 
prepared  from  three  of  che  most  promising  composite  techniques:  (a) 
a  three  dimensionally  connected  PZT-epoxy  composite  known  as  BCRPS^; 
(b)  a  one  dimensionally  connected  ?Z?  rod  assembly  (1-3-0)  held 
together  by  epoxy  loaded  vich  glass  spheres^;  (c)  a  shape  (3-1) 
chat  is  basically  a  ?ZT  cube  vich  a  cylindrical  hole  perpendicular 
co  che  poling  direction4. 

Each  test  hydrophone  was  1/16  che  normal  active  area  or  2.5x 
2.3  cm  and  has  a  thickness  of  about  0.3  cm.  The  device  is  flexible 
enough  co  bend  around  a  4  cm  radius.  Figure  1  shows  a  cross-section 
of  this  design.  The  active  elements  comprise  approximately  40Z  of 
the  hydrophones  cocal  area  and  are  held  together  by  insulating 
polyurethane  which  gives  che  device  its  flexibility.  Polyurethane 
and  ocher  viscoelastic  polymers  have  a  poisson's  ratio  of  0.3  and 
therefore  are  hydrostatically  stiff.  This  was  shown  co  be  a  pro¬ 
blem  when  using  polyurechane  as  the  matrix  in  1-3  composites,  and 
was  also  found  co  be  a  problem  when  used  with  these  very  large 
cross-section  blocks.  To  alter  che  poisson's  ratio,  che  polyure¬ 
chane  was  filled  with  glass  balloons,  polymeehyl  methacrylate  spheres 
or  ga3  bubbles. 
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THE  INCORPORATION  OF  RIGID  COMPOSITES  INTO  A  CONFORMAL... 


The  electrode  of  a  flexible  composite  must  endure  numerous 
bends  and  still  maintain  a  low  resistance.  In-house  experiments 
with  various  conductor  loaded  organics  have  led  to  the  selection  of 
a  dual  electrode  system.  First  each  rigid  element  (4x4  mm)  of  the 
hydrophone  is  electroded  with  highly  conducting  silver  frit  or 
silver  epoxy  to  give  a  very  low  resistance  across  the  surface. 

These  electrodes  are  then  tied  together  by  a  layer  of  carbon  loaded 
polyurethane.  The  carbon  loaded  polyurethane  bonds  very  well  to  the 
polyurethane  connecting  material  and  has  sufficient  conductivity 
(5x10”2  Q-lcm"l)  to  allow  a  frequency  response  to  about  100  KHz 
depending  on  the  capacitance  of  the  elements  involved. 

The  outermost  layer  is  for  the  purpose  of  electrical  insulation 
and  chemical  protection  from  the  environment.  This  layer  has  re¬ 
mained  the  same  in  all  the  designs  and  is  the  most  flexible  of  the 
polyurethane  series  used. 

The  merits  of  che  three  sensing  materials  were  judged  to  be 
a  combination  of  sensitivity,  durability,  and  ease  of  fabrication. 

A  fourth  criterion,  flexibility,  is  held  constant  in  this  study. 

The  levels  of  the  device  response  as  given  in  Table  1  depends  on 
the  connectivity  of  che  composite  and  on  the  properties  of  che 
components.  The  materials  used  in  che  following  composites  are  not 
proposed  as  a  maximized  combination  but  only  as  che  best  components 
selected  from  a  relatively  limited  number  available  at  our  facili¬ 
ties. 

The  PZT  used  in  all  composites  will  be  type  5Q1A  produced  by 
Ultrasonic  Powders,  Inc.  Depending  on  che  internal  pressures  genera¬ 
ted,  a  different  type  of  material  may  increase  sensitivity  or  stabi¬ 
lity  but  this  PZT  should  be  a  good  compromise  for  che  initial  sam-_ 
pies  produced  in  chis  study.  Even  chough  che  green  processing  and 
fired  shapes  are  markedly  different,  experience  has  shown  che  pro¬ 
perties  of  che  PZT  to  remain  relatively  constant. 


Table  1.  Properties  of  composite  materials. 
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DISCUSSION  OF  SPECIFIC  COMPOSITES 
3-1  )iacrocomoosice 

This  composite  is  one  of  cha  more  recanc  designs  arising  from 
Che  considaracion  for  mass  production  (extrusion)  and  the  realiza¬ 
tion  chat  a  tocaily  rigid  electrode  area  transfers  the  maximum 
force  to  the  active  element  while  providing  a  stiffening  against 
the  transverse  (d.31)  stresses.  The  original  paper  and  this  study 
utilize  parts  produced  by  ultrasonic  drilling,  but  this  should  be 
replaced  by  extruding  a  slug  of  ?ZT  with  a  cylindrical  hole.  The 
cube  may  chan  be  cut  to  desired  length.  A  permittivity  of  950  and 
a  density  of  5  make  devices  using  this  material  the  heaviest  and 
the  lowest  in  electrical  impedance  of  the  three  composites  proposed. 

1-3-0 

This  design  is  the  most  difficult  to  fabricate  but  also  is  the 
system  with  the  most  versatility.  It  is  this  system  chat  has  been 
constructed  as  a  naturally  flexible  macerial  although  more  study 
is  needed  to  develop  a  nan-dispersive  flexible  polymer  chat  is  not 
hydrostatically  incompressible.  The  1-3  composite  in  this  study  is 
a  compromise  between  a  high  g^  for  maximum  sensitivity  (-193  dB 
re  1  V/uPa)  and  an  arbitrary  minimum  capacitance  (K-100)  of  '‘.'1000 
pf.  Thera  i3  also  a  slight  frequency  and  pressure  dependency  of 
abouc  1  dB  for  0  to  1000  psi  and  20  to  200  Hz. 

3UBPS 

The  3UHPS  technology  is  perhaps  the  simplest  to  fabricate.  The 
30lid  material  is  produced  by  conventional  powder/ slug  fabrication. 
Once  the  pores  of  the  three  dimensional  ?ZT  network  are  filled  with 
a  polymer,  the  material  probably  also  becomes  the  most  rugged  of 
the  candidates.  It  can  than  be  cut  and  shaped  with  normal  macnining 
techniques.  Elaccroding  is  dona  with  conducting  epoxy  and  the  macer¬ 
ial  is  poled  to  saturation  at  12Q°C. 

The  sensitivity  of  the  3UHPS  composite  is  the  lowest  (-203  d3 
re  L  V/'uP a)  of  the  three  buc  has  Little  pressure  sensitivity  even 
to  1000  psi.  The  permittivity  of  iQO  is  sufficient  to  give  3.5  nf 
capacitance  per  10x10  tile. 

RESULTS  AND  DISCUSSION 

As  was  found  when  exploring  the  response  of  1-3  composites, 
the  matrix  (hinge)  can  strongly  influence  the  response  of  the  PZT 
(in  this  case  the  composite).  The  ;/30  flexane  i3  more  compliant 
than  the  >‘60  flexane  and  is  believed  to  be  hydrostatically  stifier 
(poisson’s  racio  near  0.5).  As  can  be  seen  in  Table  2,  the  •"30 
flexane  always  reduced  the  response  of  the  composites  and  in  the 
case  where  the  polyurechane  (?V)  filled  the  center  of  the  1-3,  the 
gh  was  reduced  to  almost  chac  of  solid  PZT.  It  appears  that  the 
hydrostatically  stiff  hinge  macerial  stiffens  the  device  and  removes 
stress  from  the  composite. 


THE  INCORPORATION  OF  RIGID  COMPOSITES  INTO  A  CONFORilAL.  . . 


Table  2.  Properties  of  trial  sheet  hydrophones. 
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Hydrostatically  soft  fillers  were  utilized  to  reduce  the  bulk 
modulous  of  the  ;>30  flexane  to  produce  a  flexible  hinge  that  would 
noc  limit  the  hydrostacic  response  of  the  composite  elements.  The 
three  types  of  fillers  were  a)  gas  bubbles;  b)  pplymethyl  methacry¬ 
late  (Plllt)  spheres  and  glass  balloons  (MB).  A  second  difficulty 
became  evident  when  using  the  bubbles.  If  the  hinge  is  very  soft, 
the  stiff  carbon  fiber  electrode  acts  a3  a  force  gathering  element 
and  the  composite  appears  to  have  a  response  larger  than  normal  at 
low  pressure.  This  effect  drops  ouc  at  high  hydrostacic  pressure 
and  the  device  has  the  response  of  a  solid  hinge  configuration.  At 
1000  psi  most  devices  have  the  same  response  at  abouc  -203  dB. 

The  two  solid  fillers  were  spherical  particles  in  the  order  of 
iOO  urn  diamecer  and  gave  similar  sensitivity  levels.  The  ?MM 
spheres  were  easier  co  mix  with  the  ?U  chan  the  microballoon  (MB) 
and  gave  more  pressure  stable  results.  Some  of  the  high  values 
recorded  on  .'IB  filled  ?U  is  attributed  co  the  incorporation  of  smal 
air  bubbles  during  mixing. 

The  1-3-0  elemencs  suffer  from  the  same  clamping  effect  as  the 
3-1  composite.  As  expected,  the  1-3-0  give  a  higher  g-n  sensitivity 
than  the  3-1  but  lower  dv,  because  of  che  reduced  permittivity. 

The  dh  and  g^d^  product  of  ail  the  devices  is  lowered  consid¬ 
erably  from  the  actual  value  of  the  composite  because  of  the 
increased  device  area  needed  for  the  hinging  material.  The  current 
design  uses  a  2.3  mm  wide  hinge  and  has  more  chan  adequate  flexi¬ 
bility.  A  reduction  of  the  hinge  width  co  1  mm  would  increase  d^ 
and  g’ndh  by  58%. 

Although  it  was  not  possible  to  make  sensitivity  measurements 
to  100  kHz ,  resonance  measurements  were  made  on  che  individual  ele¬ 
ments  and  the  devices.  The  1-3-0  material  had  a  thickness  resonar.c 
ac  200  kHz  which  was  almost  totally  damped  out  in  device  form. 

The  3-1  material  had  an  unidentified  resonance  ac  1-0  kHz,  but  did 
noc  exhibit  significant  noncapacitance  impedance  until  abouc  250  kH 
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SUGARY 

1)  Rigid  composite  hydrophone  material  can  be  incorporacad  * 

inco  a  conformal  sheer  hydrophone  vieh  sansicivicy  greater  chan 

*200  dB  and  capacitance  graacar  than  300  nf/'m^. 

2)  Reduction  in  flexibility  by  decreased  hinge  thickness  can 
signficantly  increase  sheet  capacitance  or  g^h  product. 

3)  Care  oust  be  given  to  the  hinge  material  to  achieve  a 
flexible  buc  still  hydrostatically  compressible  material. 
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